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Abstract
This thesis describes the work carried out under HYPIX, a collaborative research project
aimed at developing hybrid organic/inorganic optoelectronic devices, with particular fo-
cus given to imaging systems used in the optical pumping of organic polymer gain media.
State-of-the-art generations of inorganic light-emitting diodes are presented, along with an
overview of the evolution of such devices over the years.
A brief outlook is also given on current advances in organic semiconductor gain materials
research, as well as laser cavity design. The challenges in designing an optical system capable
of pumping organic materials with highly divergent light sources are highlighted, together
with the methods that were used to overcome them.
Various attempts at optically pumping several organic materials are detailed, highlighting
the importance of combining several factors such as energy density, pump spot size and
pump pulse duration all at once in order to achieve lasing in this new type of hybrid device.
Possible improvements which could in the future lead to the first indirectly electrically
pumped organic semiconductor laser are listed.
Secondary experiments are also described, covering the proof-of-concept use of computer-
controlled, inorganic micro-scale light sources as a spatially-resolving spectrometer for or-
ganic polymer targets. A deviation of under 10 % from absorbance values calculated for the
samples using a commercial spectrometer is shown.
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Chapter 1
Introduction and overview
1.1 General introduction
Over the last several decades, significant advances have been made in understanding and ma-
nipulating light and its properties. As a result of this ongoing process, technology has benefited
from the introduction of a series of revolutionary devices, progressing from the simple, century-
old light bulb to the laser, the light-emitting diode (LED), the photovoltaic cell, and many
ohers.
Today, many of these devices pervade most of modern technology, and find applications on
every scale, be it consumer electronics, industrial processing and manufacturing, or scientific
research, whether it be academic, private or military. Devices such as LEDs and lasers can
be found anywhere, from traffic lights to home entertainment systems to mobile phones to
navigation instruments. Being an enabling technology, most of them have spurred developments
in many other areas of science and industry, and have in turn been improved by the knowledge
thus gained. Advances in material science, manufacturing processes and precision engineering
have all resulted in more variety, better efficiencies, higher energies, smaller form factors, and a
myriad of other improvements to these devices.
At the same time, there has been a progressive blurring of disciplines, whereby technologies
usually studied separately are now combined to yield integrated devices. A classic example
of this is the lab-on-a-chip, a microelectromechanical system which integrates several analysis
functions within the space of a few square millimetres [1]. In the field of semiconductor light
emitters, with the advent of gallium nitride-based LEDs it is now possible to obtain high-power
emission at the blue end of the visible spectrum and even the near ultraviolet (UV) [2, 3],
regions that were previously off limits due to material limitations. The same materials can
also be used to manufacture devices that emit with similarly high powers across the rest of the
visible spectrum [4, 5]. Coupling material advances with modern microelectronics has resulted
15
recently in micro-scale optoelectronic devices [6, 7] capable of complex modulation, on-demand
patterning and instant reconfiguration, which have been used to great success in fields such as
biomedical imaging [7, 8].
In parallel with GaN-based micro-LED developments, there has also been a resurgence of
organic materials in the semiconductor industry. Materials that were known for decades have
sparked renewed interest thanks to new characterisation techniques offered by modern tech-
nology. Organic polymers have revealed themselves to be excellent candidates for all kinds of
optics-related applications due to their strong light absorption and emission qualities [9]. As
such, a new generation of organic emitters [10], or even part-organic, part-inorganic ones [11, 12]
has been the subject of much study over recent years.
This document describes some of the work undertaken within HYPIX1, an EPSRC2-funded
research project carried out between 2009 and 2012 with the aim of further exploring the
possibilities of combining inorganic high-power emitters with strongly photoluminescent organic
polymers.
1.2 Hybrid integrated devices and HYPIX
HYPIX stands for HYbrid micro-PIXellated, and refers to the architecture of light-emitting
devices that served as the centre point of the project. The project’s aim was to develop a
new class of integrated optoelectronic emitters based on the combination of tried-and-tested
inorganic LEDs and newly developed organic light-emitting materials.
Organic materials have managed to complement or replace their inorganic counterparts in
many semiconductor applications over the last few years: photovoltaics [13], photodetectors
[14], light-emitting diodes [15], displays [16] and even transistors [17]. Their relatively low
cost and excellent optical properties make them prime candidates for all kinds of optics-based
applications, in spite of their short operating lifetimes and at times detrimental electronic
properties. There is, however, one notable exception to this list of devices. One of the grand
challenges in the field of semiconductors remains the achievement of a directly eletrically pumped
organic semiconductor laser (OSL).
Organic lasers are not a new concept in physics: their first demonstration, in the form of
polymer dye solution, dates as far back as 1967 [18]. This result was quickly followed by a
solid-state version in 1972 [19]. In the specific case of conjugated polymers, the first example
of lasing from a polymer in solution was presented in 1992 [20] and it was not until 1996
that the same result was achieved in the solid state [21, 22]. All of these examples were not
1http://hypix.photonics.ac.uk
2http://www.epsrc.ac.uk
16
strictly classifiable as lasers, as they showed mainly photoluminescence measurements in one
case and makeshift cavities in the others. The first proper conjugated polymer laser, featuring
a microcavity resonator, was reported in 1997 [23].
Over time, organic lasers have been shown to offer tunable emission wavelengths across the
entire visible spectrum, both in pulsed and continuous-wave (CW) operation, which has resulted
in considerable time being put into their study [24–30]. However, the only efficient method of
pumping their gain media has been direct optical pumping, by using a secondary laser or other
light source. More recently, spectral narrowing and an exponential threshold in power out/power
in, typically distinctive features of a laser, were observed in a fluorene co-polymer after pumping
with an InGaN-based high-power LED [31]. But direct electrical pumping, that is to say the
direct injection of carriers into an organic material and its subsequent stimulated emission and
amplification, has never been observed in an organic material [32].
The reason for this is actually one of the major inherent shortcomings of organic gain media.
There has traditionally been an inverse proportionality between an organic material’s optical
and electrical properties. A strong absorption or photoluminescent quantum yield (PLQY) is
always accompanied by a less-than-ideal carrier mobility or photoluminescent quantum efficiency
(PLQE) and vice-versa, for reasons that will be discussed later. As such, one of the directions
in which reasearch is moving is the improvement of gain medium design at the molecular level,
by mitigating or otherwise eliminating certain undesirable material properties.
Au bump Au bump 
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Figure 1.2.1: Early concept image for the kind of integrated device worked towards in the
HYPIX project. The combination of an inorganic emitter base and organic polymer material
layers would result in an intermediate step, or semi-direct electrical pumping of said materials.
The HYPIX project, on the other hand, intended to circumvent traditional material lim-
itations by offering an alternative approach to integrated devices. One of the early concept
images, shown in Fig. 1.2.1, summarises the vision driving the project. The idea would be to
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have inorganic LED micro-emitters emitting light directly into organic materials, which would
be layered on top of the emitters themselves. Depending on the intended use, organic layers
could be deposited onto distributed feedback (DFB) structures, to obtain laser emission from
the devices, or drop-cast or coated so as to exhibit straight photoluminescence. With powerful
enough emitters, the idea of single-pass gain could even be considered. In the figure, both a DFB
grating and a simple drop-cast globule of organic material are shown to illustrate the possible
variations in device architecture.
This approach constitutes an intermediate step between direct electrical pumping and optical
excitation. In the final, integrated version of these emitters, the inorganic LEDs would optically
pump thin films of organic polymers, resulting in photo-emission. As far as the user would be
concerned, these devices would effectively act as a black box, with current going in, and light
coming out. The mechanism through which this would be achieved, however, would not strictly
be that of direct carrier injection. Nevertheless, introducing an intermediate electro-optical
conversion step to the process constitutes a novel technique, which can hopefully be adopted as
a precursor to directly electrically pumped devices, and fallen back on in case such devices are
never achieved.
For the first time, micro-emitters with high power output are available at the blue end of
the visible spectrum, extending into the near UV as well. Also available at the same time are
new generations of photoluminescent organic materials, which are capable of absorbing and re-
emitting light between 350 nm and 750 nm. It is therefore possible to match the emission of the
inorganic components to the absorption of certain organics, to obtain hybrid devices capable of
emitting across all of the visible spectrum in a continuous fashion.
In addition to having an organic/inorganic hybrid interface, the devices would be driven
by a complementary metal-oxide semiconductor (CMOS) integrated circuit back-end, with an
associated computer-based graphical user interface (GUI), giving a certain degree of control
over their output. CMOS circuits are well known in the micro-electronics industry for their
very high switching speeds when performing logic operations. One of the strengths of current
generations of micro-LEDs is their on-demand reconfigurability, which allows for the creation of
spatial patterns by using grids of adjacent emitters as well as temporal modulation.
One of the potential applications for such technology would be the multiplexing of a digital
signal. With a detector capable of discriminating wavelengths only a few nanometres apart, an
entire array of micro-emitters could be spin-coated with different polymer materials, each emit-
ting at a slightly different wavelength. Multiple signals could then travel down the same channel
without interfering with each other, similarly to current wavelength-division multiplexing sys-
tems, in addition to any additional time-division multiplexing affecting the signals. Crucially,
this would be possible at continuous wavelength intervals spanning the entire visible spectrum,
as opposed to the “telecomms windows” typically reserved for optical communications.
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Another field which is gaining traction especially in the automotive and aeronautics in-
dustries is that of visible-light communications (VLC). Similarly to the fibre-based approach
described in the previous paragraph, this particular are of research is geared towards wireless
solutions, especially at ultra-short or personal area network (PAN) ranges, such as within a car’s
dashboard or an airplane’s cockpit. Solutions are currently being developed for, e.g., wireless
data communication between pilot and airplane inside of military aircraft, so as to allow for
unimpeded ejection in case of emergency.
VLC networks are being considered for anything from hospital operating rooms to home living
rooms, for applications such as “smart” lighting, climate control, instrument synchronization,
security, or even tailored advertising [33–37]. Having only become popular over the last few
years thanks to the widespread adoption of wireless communications technologies, this field has
a lot of potential research avenues. The kind of device envisioned by HYPIX would fit exactly
into the specifications required for this kind of application.
1.2.1 Project aims
For the purposes of testing the laser materials, the resonators and for exploring the effect of
various excitation methods (pump spot shape, frequency, etc) it was decided to set up an
imaging system in order to capture as much light as possible from the available micro-LED
arrays and deliver it to a focal plane, where multiple organic samples could be easily rotated in
and out of the setup for rapid, large-scale testing. Spin-coating the organic materials directly
onto the emitters as per the original design document would have resulted in having to assemble
a new device every time a new material was available, and hoping that film quality would be
consistently excellent, so as not to have an entire array of emitters rendered effectively useless
by a bad spin coating procedure. Once certain results could be confirmed and reproduced,
devices could then be spin-coated with the certainty that they would not be wasted.
The aims of the work reported in this thesis were therefore to conduct initial characterisation
and testing of GaN-based emitters and their interaction with new families of light-emitting
polymers. With the information thus gained, refinements could then be made to both emitters
and polymers, in order to achieve the vision presented in Fig. 1.2.1. The response of polymer
gain media to micro-LED emitters was tested in both low- and high-energy configurations. In
a low-energy context, the aim was to simply gain insight and information about the general
capabilities of both LEDs and materials, by performing functions such as simple wavelength
down-conversion. The LEDs were then driven to their limits in a high-energy setting, attempting
to verify whether lasing was at all within the reach of such a system.
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1.3 Thesis structure
Due to the otherwise compartmentalised nature of the HYPIX collaboration, the author’s role
was to act as a bridge between the various individual research groups, as well as a focal point
for their combined efforts. Their intended goals, whose achievements (complete or partial) are
expressed in this document, were to:
1. Gain sufficient simultaneous understanding of all of the group’s specialist fields and their
potential for interaction, in order to contribute to high-level design decisions.
2. Identify best practices and methods to integrate the different technologies developed by
the separate research groups, in a way that would lead to LED-pumped polymer light-
emitting devices.
3. Combine and test all component parts developed by other project partners, designing
and conducting experiments to showcase integrated device characteristics, potential and
applications.
4. Provide continuous feedback to the collaboration’s research groups on how to improve the
quality of individual components as well as their ability to integrate with each other.
5. Carry out measurements showing LED-pumped laser emission from organic polymer-based
devices, resulting from the combination of all technologies developed separately by the
group as a whole.
This document is therefore structured as follows. Having just presented the initial oppor-
tunities, circumstances, ideals and aims of the HYPIX project, Chapter 2 introduces organic
polymer gain media, discusses their electro-optical properties, and describes the conditions re-
quired for them to emit laser light. A brief summary of basic laser physics principles is given,
in order to provide context and to differentiate these new materials from traditional, inorganic
gain media.
After covering the various polymer materials and their lasing mechanics, Chapter 3 proceeds
to give an overview of the evolution of nitride emitters, and a more in-depth presentation of the
types of micro-LED emitters used throughout. Emitter architecture is discussed, together with
driving schemes and general emissive characteristics, both energetic and spectral.
Chapter 4 features an in-depth description of the challenges, constraints and solutions im-
plemented during the design of effective optical systems featuring the LED micro-emitters. The
emissive properties of the LED arrays are considered in the context of optical system building,
with mention of their impact on quantities such as collection efficiency and throughput. Sev-
eral optical systems are described, along with their advantages and disadvantages in specific
contexts.
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An initial set of results is presented in Chapter 5. These are the outcomes of a series
of experiments aimed at making full use of the patterning features on the LEDs, which were
conducted at lower output powers and without the use of laser resonators. A series of proof-of-
concept measurements is shown for a micro-scale spectrometer, used for characterising promising
thin film laser samples before their use in relevant measurements.
Chapter 6 then focusses on the pumping of polymer gain media in the high-energy context
described above, which constituted the vast majority of the project work. Results are presented
for attempts made at pumping the various materials using different generations of micro-LED
emitters. Results are also compared to expected outcomes where appropriate.
Finally, the general findings and conclusions are outlined in Chapter 7, and a few starting
points are given for continuing this work in several different directions.
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Chapter 2
Organic light-emitting polymer gain
media
2.1 Introduction
We begin by introducing the organic polymer gain materials used in the project. While it
was the inorganic LEDs that were the centrepiece around which other factors were adjusted –
such as the engineering of the gain media themselves – it is more beneficial to start from the
point of view of the polymers, so as to highlight the links between their development and the
development of the pump sources described later in Chapter 3.
This chapter therefore aims to provide an overview of the use of organic polymers in op-
tical solid state physics, introducing their spectral, absorptive, emissive and charge transport
capacities, and framing them in the context of laser and general optical device development.
In addition, particular types of laser cavities are presented as the most suitable candidate to
combine with these materials and form laser devices. First, however, a brief introduction to
basic laser physics concepts is given, in order to contextualise the elements encountered in the
rest of the chapter.
2.2 Laser physics fundamentals
To very rapidly summarise some of the basic notions underpinning this project, this section
will explain the fundamental workings of a laser, and how to determine whether laser emission
is being measured from a given medium. A laser (light amplification by stimulated emission
of radiation) device requires three elements to function: a gain medium, a pump source, and
an optical feedback mechanism. First and foremost of these is the gain medium. This is a
22
material which is capable of stimulated emission, a process which is at the core of lasing, and
is illustrated in Fig. 2.2.1.
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Figure 2.2.1: Energetic picture of the stimulated emission process. A photon with energy
E = hν is incident on an excited electron. Their interaction causes the electron to drop back
down to the ground state, emitting a second photon with equal direction, polarization, energy
and phase as the incoming one. The process happens because the incoming photon’s energy
matches the difference in energy of the states between which the electron is moving.
From an energetic point of view, stimulated emission occurs when a photon with energy
E = hν interacts with an electron that is in an excited state within a material – the gain
medium in this case. The interaction causes the electron to drop down to a lower energy state,
while emitting a second photon. Crucially, this second photon is emitted in the same direction,
with the same polarization, at the same wavelength as, and in phase with the incoming one. This
will only occur if the energy of the incoming photon corresponds to the difference in energies
between the upper and lower states that the electron occupies during this process.
Functionally, this process is nearly identical to atomic absorption, whereby the incident
photon loses its energy to a ground state electron, resulting in the electron being promoted to
an upper energy level. Under normal conditions, absorption is the dominant process in any
medium, meaning that there are more electrons being promoted to upper levels than there are
photons being emitted. However, if the gain medium is experiencing a population inversion, in
which the number of excited electrons exceeds that of electrons in the ground state, stimulated
emission occurs at a higher rate than absorption, leading to a net gain in the number of photons.
Population inversion is maintained through a process called pumping, in which energy is
constantly supplied to the gain medium in order to continuously promote electrons from the
ground state up into excited states. With an external pump source supplying a constant value
of energy, the electrons are promoted into the same state or group of degenerate states. The
pump source can be electrical, optical or chemical. As was discussed in Chapter 1, the greatest
obstacle to the widespread adoption of OSLs is the inability to efficiently pump organic materials
using an electrical pump source. In case of this particular project, micro-LEDs are acting as an
optical pump source, providing photons that excite electrons in the polymer gain media.
The third and final element, the optical feedback mechanism, confines light obtained through
stimulated emission, and creates a build-up in energy inside the laser cavity, eventually resulting
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in a beam-like emission. The presence of a laser cavity introduces an additional element of
energetic loss to the process, as photons are lost to re-absorption, reflection, scattering, and a
number of other intra-cavity phenomena, as well as anisotropic emission due to the less-than-
100 % reflectivity of the cavity extremities. Hence, for a laser to emit light, the cavity losses
must be overcome by the net gain in photons.
Note that a laser can not exist with a simple 2-level energy structure. This is because the
processes of stimulated absorption and emission would require the exact same amount of energy
in such a system, and would therefore be triggered by the same events (incoming photons,
electrical current, etc). Consequently, the relative population of the upper and lower levels
would statistically remain constant over time, and population inversion would never actually be
achieved. This would in turn make it impossible to overcome cavity losses and achieve optical
gain.
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Figure 2.2.2: Energetic structure of a four-level laser. Electrons are excited from E0 to
E3 by the pump, then decay rapidly and non-radiatively to E2. Stimulated emission occurs
between E2 and E1, from which electrons decay back to ground.
In a real laser, the energetic structure therefore typically exists in the form of a three- or
four-level system [38]. The latter, illustrated in Fig. 2.2.2, features two additional states to
the ones shown earlier in Fig. 2.2.1. In a four-level system, electrons are initially excited by
the pump source into an upper energetic state, labelled E3 in the figure. After a brief time
in this state, electrons will spontaneously relax to a more stable, slightly less energetic state,
labelled E2. This transition occurs very quickly and non-radiatively, on a femtosecond timescale.
Stimulated emission, as described above, takes place between E2 and E1, the upper and lower
laser states, on a much slower, nanosecond timescale.
Finally, another fast, non-radiative transition brings the electrons back to the ground state
from E1, and the cycle may begin anew. In a three-level system, the lasing transition typically
occurs from the upper laser state directly to ground, bypassing the intermediate lower energy
level. These types of energetic structure allow the continuous pumping of the excited level (E3)
to be a separate process from the stimulated emission occuring from the upper laser state.
The gain medium is the defining element of a laser. Its energetic characteristics determine
what wavelength of light is emitted by the device, and together with its other physical attributes,
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influence the types of pump source that can be used. Placing the gain medium inside an optical
feedback loop results in a working laser. In its original incarnation, and for conceptual purposes,
an optical feedback loops consists of a cavity with a mirror at either end, one as reflective
as possible (typically ≥ 99 %) and one only partially reflective (typically ∼ 95 %). This
arrangement, shown in Fig. 2.2.3, is often referred to as a Fabry-Pe´rot cavity, with reference to
the spectrometer setup that it derives its name from.
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Figure 2.2.3: Optical amplification occurring in a laser resonator, pump source not shown.
Light emitted by the gain medium is reflected back and forth inside the cavity, causing further
stimulated emission with each pass. The resulting beam leaves the cavity through the front
mirror, which is only slightly less reflective than the back one.
When initial emission occurs, light is reflected between the two mirrors, resulting in back-and-
forth passes through the gain medium. With each pass, every photon has a chance to generate
an additional one through stimulated emission, thus creating a cascade effect, and ultimately
resulting in net optical amplification. Additional photons are all generated with identical energy,
phase, polarization and direction, resulting in a coherent beam. Photons constantly leave the
front of the cavity through the partially reflective mirror, which acts as an output coupler, as
soon as the pump power is sufficient for the small-signal gain (i.e. the un-saturated gain) to be
equal to or greater than the cavity losses.
As light passes through the gain medium, its overall intensity is amplified according to
I = I0e
(G−α)l [2.2.1]
where I0 is the initial value of intensity, G is the so-called gain coefficient, α is the loss coefficient,
and l the length of the distance travelled in the medium, taken as the length of the medium itself
when calculating round-trip gain. The gain medium is itself dependent on two other quantities:
G = σn . [2.2.2]
Here, n is the population density of electrons in the excited state (E2 in Fig. 2.2.2) and σ
is the stimulated emission cross-section of the gain medium. Hence, in order to exhibit large
optical gain, a material must have a large gain coefficient, and therefore a large stimulated
emission cross-section.
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In reality, the gain medium and resonator may take different forms, such as in fibre lasers,
where the gain medium makes up a specific section of the fibre, and the mirrors consist of Bragg
reflectors etched within the fibre. In order to achieve lasing, the pump source must pump the
gain medium at a sufficient rate to maintain population inversion.
2.3 Lasing in distributed feedback cavities
Of direct interest to this project is a particular type of resonator, commonly known as a dis-
tributed feedback (DFB) cavity, not to be confused with the very similar Bragg resonator,
typically found in fibre optics. In this configuration, operating principles are the same as in
a traditional Fabry-Pe´rot cavity, with light reflecting back and forth through a gain medium
until sufficient amplification is achieved. The defining difference lies in the device architecture,
in which the gain medium makes up the entirety of the resonator itself. The resonator consists
of a periodic structure containing features of alternating refractive index (RI), as shown in Fig.
2.3.1, which provides in-plane waveguiding, wavelength selection and optical feedback all in one
package.
The particular mechanisms that couple light into the various laser modes of the DFB structure
were first analysed by Kogelnik and Shank in their seminal 1971 paper [39]. Within, they model
the behaviour of propagating and counter-propagating waves as they traverse a periodic, RI-
modulated structure, and undergo scattering due to the corrugation. One of the main elements
of note is that due to the periodicity and refractive index differential, only a very narrow band
of wavelengths is allowed to enter and then propagate in the plane of the resonator, resulting in
a single longitudinal cavity mode, as opposed to a more conventional laser in which a multitude
of modes is allowed to exist within the cavity. This single mode is then out-coupled either
in-plane or perpendicularly to the plane depending on the order of the scattering.
At each interface, part of a forward-propagating wave is back-reflected into its counter-
propagating equivalent and vice-versa, with all reflected components adding together in phase.
Hence, both waves are continuously amplified through stimulated emission as they travel towards
the edges of the structure, through a distributed feedback process that the laser is named after.
Light escapes both edges of the grating due to both forwards and backwards waves overcoming
the outermost reflection layers, as well as the wide surface representing the plane of the grating.
Pumping is performed optically, by shining light into the structure at a particular angle,
causing it to be diffracted into the plane of the grating and confined. All light of a wavelength
other than the pump is reflected or refracted out of the cavity. This is sometimes done by
shining the pump light in the same plane as the resonator, in order to pump the cavity’s
single longitudinal mode directly. Thus, light entering the cavity from the pump source does
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Figure 2.3.1: Simplified view of a one-dimensional DFB laser cavity showing first-order
(m = 1, dashed line) and second-order (m = 2 and solid lines) Bragg scattering. The first-
order scattering represents the actual emission from the laser, whereas the second-order light
contributes to feedback inside the cavity. Second-order emission can also occur, as indicated
by the m = 2 line.
so already in the same direction of the light that is resonating and amplifying within, so that
minimal energy is lost to reflection, absorption and refraction.
It is important to design the grating such that its periodicity allows the same wavelength
of light that is absorbed by the gain medium to be confined within the cavity. Formally, given
a grating of periodicity Λ, the free-space operating wavelength λB of the cavity, known as the
Bragg wavelength, is found to satisfy the Bragg condition:
mλB = 2Λneff [2.3.1]
where neff is a mean value of the RI averaged over the entire waveguide and m is the order of
the grating [40]. A DFB typically has two lasing modes, one slightly lower than λB, the other
slightly higher. Reducing the cavity to single-mode is achieved by either introducing a phase
shift in the periodic modulation of the refractive index, or by modulating the gain directly,
instead of the index [41].
This type of structure lends itself particularly well to use with organic polymer gain media
for several reasons. Firstly, the structure itself makes for a great substrate onto which polymers,
which are typically solution-processed, can be deposited onto. Spin-coating a polymer onto a
periodic grating causes the gain medium to fill the gaps left by the substrate, thus creating the
alternating index structure illustrated in Fig. 2.3.1.
Secondly, DFB resonators in general offer a combination of desirable characteristics which
make them preferrable to more traditional cavities. Their feedback mechanism simultaneously
provides both high optical confinement and high spectral purity, thanks to their narrow fre-
quency band. In addition, because the gain medium makes up the entirety of the cavity, the
length over which gain is provided within the device is maximised.
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Figure 2.3.2: Pumping and emission scheme for a DFB laser cavity. The pump comes in at
an angle in order to best refract into the resonator. First-order emission then takes place in
a fan-shaped pattern, which spreads in the plane perpendicular to the confinement direction.
The output from a DFB laser is a fan-shaped beam [42, 43], perpendicular to the plane of
the grating for first-order emission, or in the plane of the grating (at a random angle) for the
second-order case. This is a direct result of the Bragg condition and the solution to coupled-
wave equations inside the cavity. Fig. 2.3.2 shows a schematic of the pumping process in a
DFB cavity. Note that the fan-shaped emission extends into and out of the page in the figure.
The spread actually happens in the plane perpendicular to the direction of optical feedback,
which is why a detector needs to be scanned around the cavity to detect laser light when it isn’t
immediately apparent to the naked eye.
2.4 Lasing requirements
Generally, four measurements are required to show that a gain medium is lasing within a
DFB cavity, indicating that four phenomena are occurring simultaneously. They all highlight
the cardinal properties of laser light in the context of this particular type of resonator. The
properties are as follows:
(i) A laser must show a clear threshold in its power input/output relation. Regardless of
whether the laser is pumped optically (implying an intensity in/intensity out relationship)
or electrically (current in/intensity out) the output power of the laser should increase lin-
early with the pump, then undergo sudden exponential increase once threshold is reached,
indicating that cavity gain has overcome cavity loss. This behaviour is exemplified in the
inset in Fig. 2.4.1.
(ii) The output of the laser should be a beam, characteristic of and dependent on the type
of resonator used. In case of a DFB laser, the typical output is a fan-shaped beam, as
discussed in Section 2.3. The beam should only appear above lasing threshold.
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(iii) There should be evidence of spectral narrowing, again only above threshold. Light emitted
by a laser cavity corresponds to the fluorescence spectrum of the gain medium, until
threshold is reached. At and above threshold, as shown in the main body of Fig. 2.4.1,
a spectral measurement of the emission should show a clear peak with a width that is
dependent on the cavity structure.
(iv) The output of a DFB laser should be highly polarized, due to the strong planar confinement.
This means that inserting a rotating polarizer in front of a detector should result in a
noticeably stronger measurement at a specific polarizer angle.
Figure 2.4.1: Sample characteristic measurements [44] showing evidence of laser action
in the conjugated polymer BBEH-PPV. The measurements were made using a PDMS-based
distributed feedback cavity. The main body features spectral narrowing at the edge of the
resonator’s stop-band, while the pump/output relationship is inset.
Note that in Fig. 2.4.1 spectral narrowing occurs on one of two emission peaks. This is
a typical feature of DFB resonators. Fluorescence from the polymer is typically attenuated at
the wavelength that is confined within the cavity, resulting in a very marked stop-band being
visible in the middle of the fluorescence peak. As was discussed earlier in Section 2.3, the lasing
wavelegnth is slightly higher or lower than the Bragg wavelength confined by the cavity. In this
case, the longer of the two is being used, so the narrow lasing peak appears to the right of the
stop-band.
The first, third and and fourth characteristics can all be conveniently shown using a single
measurement, namely a spectral one. By recording the spectral output of the device, the
presence of narrowing is self-evident. The power output is simply proportional to the area
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under the spectral curve, which can therefore be integrated and plotted against pump power,
effectively allowing the same measurement to verify the first condition relating to threshold,
too. Similarly, detected power is also affected by polarization: measurements performed while
rotating a polarizer will yield the same spectral information, but show a much larger number
of photons when the polarizer angle matches the polarization of the incoming light.
Finally, the shape of the beam can be measured using a beam profiler, or a much simpler
CCD camera with appropriate attenuation. Because of the unusual fan-shaped beam emitted by
DFB cavities, the entire experimental setup required the ability to rotate freely in this particular
case.
2.5 Polymer photophysics
2.5.1 Common organic gain media
Having touched on the mechanisms responsible for laser action in a gain medium, we now review
the materials tested for use in OSLs within this project, while also giving a grounding in the
basic photophysics of polymer materials, highlighting the challenges inherent to their use. The
charge-carrying, absorptive and emissive properties of these materials will be covered, in the
context of different families of material.
As was already mentioned in Chapter 1, there has been a resurgence in the use of organic
materials and light emitters over recent years. Their appeal as active materials in devices like
laser emitters and amplifiers [24, 45, 46] stems from a combination of properties, such as high
PLQEs, large stimulated emission cross-sections, good charge transport characteristics, and the
ability to tune their emission wavelengths through modifications at the molecular level [47–49].
Over time, a few families of materials have emerged as the foremost compounds used in
laser-related applications thanks to often exhibiting a combination of the attractive properties
listed above. Their general forms are shown in Fig. 2.5.1. The first of these examples, in Fig.
2.5.1a, is aluminium-tris(quinolate) (Alq3). It was one of the first organic materials to exhibit
electroluminescence under a comparatively low voltage [50] and therefore acted as a stepping
stone for future research into light-emitting organic materials. Molecules such as Alq3 are known
as small-molecule semiconductors, and are typically used in the form of evaporated films. While
they were originally easier to process and handle than materials that preceded them, they have
since been supplanted by more modern compounds.
Currently, the best candidates for photoluminescence (PL) in general and lasing in particular
are conjugated polymers. These take the form of long chains of repeating core units (monomers)
with various functional groups attached as side chains. They exist in hundreds of different
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Figure 2.5.1: Major families of photoluminescent organic materials: (a) small molecule
aluminium-tris(quinolate) (b) generic polyfluorene unit (c) generic PPV and (d) T4 truxene
core.
variants due to the possible combinations of repeating units, functional groups and molecule
morphology. The most relevant examples of these are the polyfluorene [51] and poly(p-phenylene
vinylene) (PPV) [15] families, shown in Figs. 2.5.1b and 2.5.1c respectively. Another similar
type of compound, shown in Fig. 2.5.1d, is the dendrimer [52].
This structure consists of a chromophore (light-emitting) core, which dictates the compound’s
optical and electronic properties, and a series of conjugated branches extending from the sides
that control the molecule’s solubility. The particular dendrimer shown is a truxene [53], which
features a distinguishing star-shaped core. Conjugated polymers were the main type of com-
pound used in this work, with truxenes also being used, albeit to a much lesser extent.
2.5.2 Organic material structures
Aside from compounds used in minor testing intended to determine the output of the various
LED arrays or calibrate instruments, four main organic gain materials were investigated over
the course of this project. These are the polymer BBEH-PPV, the copolymer F8BT, the
polyfluorene blend Y80F8:20F5, and the truxene T4, which was present in the isomers T4BT-A
through E.
First among these is BBEH-PPV, short for poly(bis,bis(ethyl-hexyl)-phenylenevinylene),
which is shown in Fig. 2.5.2. The compound’s excellent absorptive and emissive features
were first reported by Rose et al. [44] a few years ago. Since then, BBEH-PPV has become
one of the primary materials used in organic light-emitting device development. It features a
broad PL peak spanning almost 100 nm, centered on the green region of the visible spectrum,
and reported lasing thresholds below 10 µJ/cm2.
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Figure 2.5.2: Structure of the green-emitting polymer BBEH-PPV.
The other copolymer of the group is F8BT, more formally known as poly(9,9-dioctylfluorene-
co-benzothiadiazole). Its appeal resides not only in its excellent emissive properties, which have
been extensively studied [54] and are in line with other polyfluorene-based materials, but also
in the ease with which thin films of very high quality can be made from it. Lasing thresholds
are typically on the order of 5− 6 µJ/cm2. The electronic properties of this compound are also
impressive, with recorded electron mobilities of up to 10−3 cm2V−1s−1 [55]. Its structure is
shown in Fig. 2.5.3.
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Figure 2.5.3: Structure of the other green emitter, F8BT.
The most promising organic compound to emerge in recent years was recently shown to
feature the lowest recorded threshold for lasing in distributed feedback cavities [57]. The mate-
rial, referred to in the literature as Y80F8:20F5, is a polyfluorene blend (cf Fig. 2.5.1b) with
repeating units consisting of 80 % 9,9-dioctylfluorene (F8), where the remaining 20 % has been
substituted with 9,9-di(2-methyl)butyl (F5) units, as shown in Fig. 2.5.5. It emits between
400 nm and 500 nm, showing a blue hue in contrast to the green emission from the previous
two compounds. Its lowest recorded lasing threshold is 0.3 µJ/cm2 [57].
Finally, the last material to feature prominently in this work is T4BT. This particular
molecule is comprised of a truxene core, seen in Fig. 2.5.4a, with three quater-dialkylfluorene
chains extending outwards. Some of its notable isomers, labelled T4BT-A through -E, are ob-
tained by substituting a 2,1,3-benzothiadiazole (BT) unit at every possible position along the
arms, as shown in Fig. 2.5.4b. Doing so affects both its absorptive and emissive properties [56],
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particularly common structure in this regard, again one that 
was introduced by the Dow Chemical Company in their 
development of red emission fl uorene copolymers, like 
Dow Red F and more recent proprietary Lumation red mate-
rials. [ 14 , 20–22 ] The three-component thiophene-benzothiadia-
zole-thiophene sequence is also used in a variety of energy 
harvesting materials for solar cells including the well-known 
poly[2,6-(4,4-bis-(2-ethylhexyl)-4 H -cyclopenta[2,1- b ;3,4- b ′]-
dithiophene)- alt -4,7-(2,1,3-benzothiadiazole) (PCDTBT) pol-
ymer. [ 23 ] BT has, moreover, been combined with other thi-
ophene based units to achieve smaller optical gap solar cell 
polymers and molecular light absorbers for dye-sensitized solar 
cells. [ 24–27 ] 
 A greater understanding of the electronic interplay between 
the BT and neighboring units in a given structure would be 
highly benefi cial to the organic electronics community - par-
ticularly at the most fundamental level in the structural design 
of new semiconductors. To this end, the series of structural iso-
mers  T4BT-A to  T4BT-E allows a thorough investigation of the 
effect of subtle variations in environment on the infl uence of 
BT addition to a 9,9-dialkylfl uorene chain. Importantly, unlike 
9,9-dialkylfl uorene/BT copolymer studies with varying fractions 
of BT inclusion [ 28 ] the molecular architecture here is precisely 
defi ned; each of the isomers can be studied as a separate entity. 
In the copolymers, the distribution of BT units within each 
chain in a sample is much less well defi ned and subtle effects 
stepwise to position the heterocycle at the termini of the arms 
( T4BT-E ). The development of these compounds represents the 
introduction of an additional degree of freedom into the design 
of star-shaped molecules. [ 9 ] 
 The BT unit is a fascinating fused heterocycle that was fi rst 
introduced into fl uorene-based copolymer light emitting diode 
material systems by E. P. Woo and colleagues at the Dow Chem-
ical Company. [ 10 ] It has been used since to great effect in the 
design of new organic semiconductors for light emission and 
energy harvesting applications. If it is embedded in simple con-
jugated structures, BT’s electron-defi cient character serves to 
stabilize and spatially localize the lowest unoccupied molecular 
orbital (LUMO). [ 11 ] This has allowed the generation of effi cient 
copolymer green emission materials, such as poly(9,9-dioctylfl u-
orene-co-benzothiadiazole) ( F8BT see Figure  1 ) [ 12 , 13 ] with advan-
tageously lowered electron injection barriers. [ 14 , 15 ] Subsequent 
optimization for OLEDs has been achieved by blending  F8BT 
with poly(9,9-dioctylfl uorene) (PFO) and/or fl uorene-arylamine 
copolymers, the latter with advantageously lowered hole injec-
tion barriers. [ 16 , 17 ] The fi nal step has been to make complex 
copolymers containing a mixture of BT, arylamine and fl uorene 
constituents, as for example found in the proprietary Lumation 
green and other polymers. [ 18 , 19 ] 
 Red emission materials can also be achieved by linking 
BT with thiophene-based structures. The three-component 
thiophene-benzothiadiazole-thiophene chromophore is a 
 Figure  1 .  Chemical structures of truxene-cored star-shaped compounds  T4BT-A ,  -B ,  -C ,  -D and  -E , the parent  T4 truxene and the alternating copolymer 
 F8BT . The highlighted part of the truxene core (blue) identifi es an effective 9,9-dihexylfl uorene unit to which the attached arm is conjugatively coupled. 
BT units are highlighted in red. Also shown for reference are the absorption (solid lines) and PL (dotted lines) for the  T4 truxene (panel (a)) and  F8BT 
polymer (panel (b)). 
Adv. Funct. Mater. 2013, 
DOI: 10.1002/adfm.201202644
(b)
Figure 2.5.4: (a) T4 truxen core and (b) compounds T4BT-A, -B, -C, -D, and -E [56],
obtained by substituting 2,1,3-benzothiadiazol (BT) units at each possible position along
the quater-dialkylfluorene arms.
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Figure 2.5.5: Structure of the copolymer Y80F8:20F5, consisting repeating chains of 80 %
9,9-dioctylfluorene (F8) and 20 % 9,9-di(2-methyl)butyl (F5) monomer units.
as well as its energy transfer mechanics processes. Its lasing thresholds are also in the low single
digits.
2.5.3 Physical properties
While not the principal reason for their popularity in optics, the physical and mechanical proper-
ties of polymer materials are certainly an important aspect, and add to their already impressive
optical and conductive characteristics [58].
Polymers exhibit various degrees of crystallinity, ranging from none at all, to having a com-
pletely ordered crystalline structure. The more crystalline ones tend to be tougher, whereas
tensile strength is dependent on chain length rather than order. Crystallinity also influences
the opacity of the material, with extreme values (both high and low) resulting in higher opacity
than mid-range ones, due to the higher probability of scattering found in perfectly crystalline or
perfectly non-crystalline materials. Their semi-ordered nature influences their charge transport
capacities as well as their emissive ones, as we shall see shortly.
Most importantly, their morphology makes them highly soluble in other BTX (benzene,
toluene, xylene) -based hydrocarbons [54]. From solution, these materials can be easily made
into thin films through processes such as evaporation, spin-coating or even inkjet printing onto
rigid, flexible, opaque or transparent substrates. This characteristic makes them very attractive
for ultra-compact solutions in any family of devices, be it emitters, amplifier, displays or lighting
[59]. Spin coating in particular has shown to produce films with high uniformity, with a thickness
variation on the order of a few A˚ngstro¨ms over an area of several square centimetres [60].
There are, however, also some physical aspects to these materials which are detrimental to
their use in light-emitting applications, and are therefore preventing their wide-scale adoption
as standard, all-round light sources. When in a highly concentrated solution or in the solid
state, close proximity of chromophore groups causes intra-molecule interactions that lead to
the formation of aggregates, dimers and excimers [61–63]. These all quench the emission of
light, and therefore require specific countermeasures and workarounds such as the use of specific
molecular geometries [64–66], or blending in a host material [67]. Regardless of any efforts made
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to attenuate them, these effects are inherent to the materials and therefore pose a constraint
on their usage, limiting the types of structures or solutions that can be achieved.
2.5.4 Conductive properties
The charge transport properties of organic polymers are at the same time one of their greatest
assets and limiting factors in the achievement of fully electrically pumped OSLs. As was men-
tioned above, the materials used here are conjugated polymers and dendrimers, both of which
feature conjugated chains. The term describes the electronic configuration of these compounds,
which are composed of series of carbon atoms with alternating single and double bonds. Neigh-
bouring atoms feature overlapping p orbitals, which create strong σ bonds and result in the
delocalisation of pi electrons. Crucially, the overlapping orbitals bridge the alternating single
bonds and allow pi electrons to be delocalised across the entire polymer chain [68, 69].
This results in materials with high carrier mobilities, some of the highest being on the order
of 0.1−0.5 cm2V−1s−1 in specific materials [70, 71] thanks to the strong overlap between neigh-
bouring orbitals. However, it is a commonly known issue that the beneficial charge transport
characteristics of organic polymers are in direct contrast with their optical ones, because of the
mechanisms that give rise to them. Materials with excellent luminescence efficiencies (≥ 50 %)
are found to have minimal carrier mobilities [72, 73], on the order of 10−4 cm2V−1s−1. Again,
this is a result of the degree of overlap between neighbouring p orbitals along the chains. The
most direct way of controlling both mobility and luminescence is to alter the separation of
neighbouring chains. However, doing so affects one quantity positively, and the other nega-
tively, such that it is impossible to optimise both simultaneously. While this can be used as an
argument in favour of optical pumping, it is still important to note that only optimising the
emissive and absorptive qualities of these materials at the expense of their energy transfer ones
would not necessarily lead to successful laser action. As a result, this topic is still the object of
experimentation and debate.
2.5.5 Spectral properties and gain characteristics
The most important characteristics of all organic light emitters are of course their optical
properties, which significantly set them apart from their traditional inorganic semiconductor
counterparts. A common characteristic that is shared by all of the materials shown in Fig.
2.5.1 is the ability to have their emission tuned by altering their structure at the molecular
level. Adjusting the various functional groups influences physical properties such as solubility or
melting temperature, whereas changing the core units affects characteristics such as absorption
and emission.
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The emission from organic polymers can be tuned to cover the entire visible spectrum in a
continuous fashion, which makes them excellent candidates for optical communications appli-
cations where wavelength-division multiplexing is required. In a similar fashion, the absorptive
qualities of these materials can also be altered, albeit to a lesser extent. The result is a series
of materials which can be engineered to absorb light at e.g. typical laser emission wavelengths,
and re-emit at a longer wavelengths thanks to their photoluminescent qualities.
It is an important feature of any laser gain medium to have as little overlap as possible
between its ground state absorption and stimulated emission spectra, in order to maintain
population inversion [74]. Limited overlap is a direct consequence of having a four-level energy
system, in which absorption and emission are associated with two entirely separate energetic
transitions. This is a feature which happens to occur naturally in most conjugated polymers
[75]. Another useful characteristic, which occurs as a result of disorder within polymer films
and the consequent variation in band gap energy, is that energy can be absorbed in one region
of the film, then transferred to another region where the band gap is smaller [76, 77].
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Figure 2.5.6: Energy level configuration of a 4-level laser, expanded to include limiting fac-
tors. Non-radiative transitions are shown with dashed lines. Electrons from the ground state
(G) undergo ground-state absorption (GSA) into a multitude of excited states, then decay
to an excited radiative state (E). From here, various processes occur. Ideally, at high photon
density, stimulated emission (SE) takes place. At lower densities, simple photoluminescence
(PL) or non-radiative recombination (NR) are dominant. Limiting these phenomena are
excited state absorption (ESA) and singlet-triplet or triplet-triplet annihiltion (STA/TTA)
following intersystem crossing (ISC) and consequent triplet state absorption (TSA) from the
excited state. Note that the levels reached by ESA may be even higher than the excited
radiative states to which electrons are promoted from the ground state.
Unfortunately, the four-level energy level configuration comes with inherent issues. In addi-
tion to ones described above in Section 2.2, there are two additional transitions that take place,
which limit the ideal laser cycle. The first is absorption from the radiative state (E2 in Fig.
2.2.2) into higher energy levels [78]. This is a major issue in electroluminescent polymers, due to
the high occurrence rate of the phenomenon, coupled with the fact that these higher states are
non-emissive at ambient temperatures. After observing both excited state absorption [79] and
varying ASE thresholds [47] from films created using different solvents, the general consensus
is that excited state absorption is directly controlled by chain morphology, which is in turn a
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result of the combination of gain material and solvent. Altering chain morphology is therefore
considered the best way of curtailing this problem. However, this must be done while keeping in
mind the inverse relationship between emissive and charge transport properties, both of which
depend on this characteristic.
The second problematic transition is that of triplet absorption following intersystem crossing
from the excited state [80, 81] and consequent singlet-triplet or triplet-triplet annihilation [82,
83]. Due to their long lifetimes, the formation of triplet states generally precludes CW operation
in organic lasers [84], reducing devices to fast pulsed operation instead; the mechanisms through
which this happens are still a debated topic [85], and have not entirely been explored yet. Taking
the aforementioned two factors into consideration, the energy diagram from Fig. 2.2.2 can be
amended to include the non-ideal transitions as well, as shown in Fig. 2.5.6.
Following the discussion on gain mechanics in Section 2.2, it should be noted that polymers
have very large stimulated emission cross-sections (up to σ ' 10−15 cm2) [22, 86, 87]. As such,
only a small amount of material is required, to the extent that a ∼ 100 nm thin film exhibits
similar gain to a more traditional solid state laser crystal. Compare this, for example, to the
stimulated emission cross-sections of popular bulk gain media, shown in Table 2.5.1. A gas laser,
the helium-neon one, is also included for comparison to gaseous media, whose cross sections all
fall within the same two orders of magnitue [38, 46, 74, 88]. This particular attribute is another
Laser σ( cm2)
Typical polymer (PPV) 1.5× 10−16
He-Ne 3.0× 10−13
Nd:YAG 4.6× 10−19
Nd:glass 3.0× 10−20
Ti:Al2O3 4.1× 10−19
Cr2O3 (Ruby) 2.7× 10−20
Table 2.5.1: Stimulated emission cross-sections σ of popular laser gain media, compared to
average one from an organic polymer.
reason why organic polymers are such sought-after materials for light-emitting solutions, as they
can be packaged in a very compact form while retaining the functionality of their more bulky
inorganic counterparts.
Fig. 2.5.7 shows the absorption curves for the four organic materials that featured most
prominently in this project: the polymers BBEH-PPV, F8BT and Y80F8:20F5, and the truxene
T4BT. The curves have broad maxima, implying that a high percentage of photons from a
narrow enough pump source will be absorbed by the material. The positions of these absorption
peaks vary from the near UV to the shorter-wavelength range of the visible spectrum. Similarly,
Fig. 2.5.8 shows both the absorption and fluorescence spectra for T4, which is the star-shaped
truxene core shown earlier in Fig. 2.5.1d. Note that T4 is the core component of T4BT, whose
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Figure 2.5.7: Absorption spectra for the main organic gain media used in LED pumping
experiments: Y80F8:20F5, F8BT, T4BT and BBEH-PPV.
Figure 2.5.8: Side-by-side comparison of both the absortpion and emission spectra for one
material, the truxene core T4, showing the minimal overlap and clear shift between the two.
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absorption is shown in Fig. 2.5.7, and that these are not the same material. The addition of BT
functional groups changes the absorption spectrum completely. In Fig. 2.5.8, the fluorescence is
red-shifted with respect to the absorption due to the energy transfer processes described above.
The emission spectrum is also relatively broad, but polymer fluorescence spectra in general
have been shown to narrow when pumped inside a resonator, which is a distinguishing feature
of laser action (cf Fig. 2.4.1).
Out of all families of organic gain media, polyfluorenes and their blends have consistently
been shown to have the lowest lasing thresholds [89–91], which is why they were chosen as the
best possible candidate for an LED-pumped OSL.
2.5.6 Pump requirements
Over the course of this project, organic polymer samples were tested for viability before being
used in LED-pumped configurations. All characterisation was carried out using a 3000×100 µm
pump stripe originating from a frequency-doubled Nd:YAG laser emitting at 355 nm. The setup
used for these characterisation measurements [92] is shown in Fig. 2.5.9.Chapter 3 Organic Materials and Experimental Techniques 
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Figure 3.24:  Experimental setup for the measurement of lasers.    
 
3.5 Laser Measurements 
 
Laser measurements were measured using the experimental setup illustrated in 
Figure 3.24.  Like the ASE setup a Q-switched Nd:YAG laser at 355nm and at a 
repetition rate of 10Hz was used. 
 
The sample on the grating is rotated to an appropriate angle of incidence to the 
beam and photopumped through the substrate (the merits of both will be discussed 
in chapter 5).  A camera was also used to observe the position of the beam on the 
grating so that none of the beam was accidently photopumping the planar 
waveguide.   
 
A lens was placed close to the grating surface to collect the laser emission, which 
emits as a fan, and focus it onto the optical fibre.   
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Figure 2.5.9: Experimental setup used to test organic polymer samples’ lasing and ASE
thresholds and conditions. The filters and cylindrical lens/slit combination are used to project
a thin pump stripe onto the polymer sample, in order to maximise absorption.
Referring back to Fig. 2.5.7, this wavelength is not ideally placed in the absorption spectra
of most materials. However, because of the raw power of the Nd:YAG, the comparatively low
absorption efficiencies were overcome, and both PL and amplified stimulated emission (ASE) were
easily observed from all samples. The laser was modulated at 10 Hz using pulses of τ = 8 ns
duration.
Having performed the characterisation with a commonly-used solid-state laser, lasing thresh-
olds for the organic samples were recorded under a specific set of parameters. These parameters
were used as a guideline when pumping samples with the LEDs as well, with the understanding
that the different wavelengths emitted by the LEDs would lead to slightly different pump energy
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thresholds due to better absorption efficiencies and energy transfer processes in those regions
of the absorption spectra.
Using this information together with the cavity properties discussed in Section 2.3, we arrive
at a set of pump requirements for the samples, which had to be satisfied both by the optical
setup design and by its operation.
(i) The first requirement is that the energy density E be sufficiently high. Raw energy from the
pump source is irrelevant when determining lasing thresholds, because the population of
the radiative excited state explicitly depends on pump energy density, as per the population
rate expressions that can be found in any basic laser textbook [38, 74, 93]. Energy density
is simply defined as the ratio of energy E incident on a given area S:
E = E
S
. [2.5.1]
The immediate and obvious implication of this relationship is that the only two ways of
increasing E are to increase incident energy, or to decrease the spot size. The former can
only be accomplished up to a point, by driving the light source with a higher input power.
Of course, doing so may cause the light source to eventually fail, sooner rather than later
if constantly driving it closely to its operational limits. In a sense, the energy is therefore
a fixed quantity, since it is assumed that the light source will always be driven as hard as
safety permits.
Consequently, the only real control over the value of E is in the spot size, which is de-
termined by the optical setup – more on this in Chapter 4. While the LEDs discussed in
Chapter 3 are theoretically capable of outputting enough raw energy to satisfy this condi-
tion, the size of the pump spot is what really determines whether laser action takes place.
Every material was found empirically to have a different threshold pump energy density
during characterisation. These threshold densities are reported below for each material.
(ii) The second requirement concerns modulation of the pump. In order to achieve and sustain
population inversion, a pulsed source must typically supply energy to the electrons in the
gain medium on a timescale that is shorter than the upper state lifetime, and said lifetimes
are found to be on the order of a few nanoseconds [54]. In addition, the repetition rate
for pump pulses can not be too high, as there is the risk of photobleaching the polymers
under prolonged exposure. Reducing the pump rate therefore ensures a longer shelf life
for samples.
A third issue that is addressed by modulating the pump is that of quenching effects. Having
longer duty cycles in the LEDs leads to faster heating of their components, resulting in the
quenching of emission. Finally, as was mentioned earlier in Section 2.5.5, it is easier to
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pump electrons into longer-lifetime triplet states when using longer pump pulses. Once
in those states, electrons will tend to undergo triple-singlet annihilation with ones that
are in the emissive singlet states, reducing emission from the polymer. Ultimately, it is
therefore better to use short pulses to ensure longevity for both the pump source and the
gain medium.
The only possible baseline metric was that used during characterisation: 8 ns pulses at
10 Hz was taken as the set of parameters at which lasing is guaranteed to occur, as it had
already been observed during characterisation by the Nd:YAG laser [92]. Unfortunately, it
was not possible to alter the Nd:YAG’s temporal characteristics, which would have allowed
for a more thorough analysis of polymer responses to different pump pulse lengths.
(iii) The third and final requirement is a consequence of the choice of resonator. In order for
light to be confined in the plane of a DFB, pumping must happen at an angle. Emission
from the polymer is isotropic, so the angle of incoming light does not influence the angle
of emission. However, allowing pump light to be refracted in the plane of the resonator
increases the chances of absorption, rather than having a pump beam simply pass through
the sample. Pumping at an angle has the added benefit of maximising the number of
photons that directly pump the cavity mode.
Material ET (µJ/cm2) λα (nm) τP (ns)
BBEH-PPV 8 430 8
F8BT 10 461 8
Y80F8:20F5 0.3 370 8
T4BT 10 438 8
Table 2.5.2: Summary of required optical pump characteristics for all four organic materials
used in laser pumping experiments. ET is the threshold pump energy density, λα the peak
absorption wavelength, τP the pump pulse width.
All of these measurements were carried out by the Imperial College contingent of HYPIX
researchers, and were repeated for each individual sample ever used in pump experiments, to
ensure that sample quality would be consistent with best previously recorded results.
Similar thresholds to the ones recorded are also reported in the literature with minor vari-
ations due to experimental conditions, and cited throughout Section 2.5.2. In particular,
the extraordinarily low threshold for the polyfluorene blend was first reported by Imperial
College HYPIX researchers just before the start of the project [57].
The minimum pump requirements for each polymer gain medium are summarised in Table
2.5.2, which lists the threshold energy density ET, peak absorption wavelength λα and pump
pulse width τP of each one. Light with sufficient threshold energy density ET should be delivered
to the samples as close as possible to their local peak absorption wavelength λα, using pulses of
τP = 8 ns fired at a rate of 10 Hz. Said light should aim to hit the sample at an angle of ∼ 20◦
in order to diffract in-plane and maximise the possibility for absorption.
It is important to note that these values are not definitive for any of the materials. They
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are a direct result of characterisation measurements performed on said materials under very
specific conditions. However, due to the novelty of the materials under examination, they
also represent the best information available. The aim of the LED-based pump measurements
described in Chapter 6 is therefore to approximate these pump conditions as much as possible
using a different light source from the one with which they were obtained. Note that this was a
continuously iterating process, meaning that not all materials and LEDs were known, conceived
and/or fully characterised from the very outset.
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Chapter 3
Inorganic micro-structured
light-emitting diode devices
3.1 Introduction to III-nitride light emitters
In order to appreciate the opportunities offered by the various inorganic light sources used in
the project, we will briefly cover the evolution of LEDs over the last few decades, their design
and their applications, paying particular attention to those emitting in the visible part of the
spectrum.
We will then take an in-depth look at the various light-emitting devices that were used over
the course of the project. As we shall see, the particular architecture of any given device, along
with its electrical, physical and emissive properties, greatly influences the context in which they
may be used. The narrow-band emissions exhibited by these compounds, coupled with excellent
electrical-to-optical efficiencies, make them ideal light sources for down-conversion or pumping
experiments involving organic polymers.
3.1.1 First visible-light LEDs to green emitters
The first LED emitting in the visible was shown by Nick Holonyak in 1962 [94] as part of General
Electric’s research program on lasers. Developed in response to Maiman’s seminal ruby laser
of 1960 [95], the red-emitting LED was based on GaAsP compounds on a GaAs substrate, and
exhibited very low external efficiency [96], smaller than 1 %. Over the next three decades LEDs
exploded in popularity, prompting research into the material, electrical and optical properties
of various compound semiconductor alloys with the goal of obtaining light sources all across the
visible region of the electromagnetic spectrum.
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Starting at the red end of the visible spectrum and in the near-IR, LED devices soon moved
towards orange and amber wavelengths by switching to simpler GaP compounds by the end of
the 1960s [97]. The change in material also allowed for increased brightness resulting from the
lattice constants of the substrate and active material being closer. By the middle of the 1970s,
LEDs were emitting all the way into the green part of the spectrum, and research was being
conducted into the material properties that were limiting light extraction and energy output,
which at the time were still not comparable to those of readily available incandescent bulbs
[98]. Materials in use at this time included ternary and quaternary alloys such as AlGaAs and
InAlGaP, all based on the emitters that had proved successful up until this point.
3.1.2 GaN-based blue emitters
While GaP, GaAs and their derivatives were being optimised for operation at the longer-
wavelength end of the visible spectrum, in the early 1970s a group at RCA Labs in New York
was studying epitaxially grown films of GaN on sapphire substrates [99], which were resulting
in low-power diodes emitting in the blue and even in the ultraviolet [100].
The advent of gallium nitride was a turning point in the history of semiconductor light
sources, as it opened up the blue/UV end of the spectrum, paving the way for a multitude
of developments. In spite of the early demonstration of blue emission from this new material,
progress was slowed down for nearly two decades as nobody was able to achieve low-resistivity p-
type doping in GaN, in spite of the many dopants available [101], which precluded the fabrication
of integrated light-emitting devices based on this alloy.
Leading up to the current state of nitride semiconductor light sources, three critical devel-
opments can be identified as being responsible for advancing research into blue emitters [102].
First among these was the use of AlN [103, 104] or GaN [105] buffer layers on the substrates
that films were being grown on. The materials resulting from these new growth methods were
of much higher quality than anything previously available, featuring high carrier mobilities and
strong photoluminescence (PL).
The second key event was the development of p-type GaN by Akasaki and colleagues in 1989
[106], by using Mg as a dopant during the deposition process, and a low-energy electron beam
irradiation treatment afterwards to remove atomic hydrogen atoms, allowing the Mg atoms to
become passive acceptors. Their work also shed light onto the reasons why this result hadn’t
been previously possible. This achievment finally made the creation of GaN p-n junctions
possible, leading to the compact light emitters that LEDs are known to be today. Shortly
thereafter, in fact, the culmination of the “GaN era” of emitters was the work carried out by
Shuji Nakamura of Nichia Corporation, Japan, who presented the first blue GaN-based LED in
1991 [107, 108].
44
3.1.3 Popularisation of InGaN
However groundbreaking these new blue emitters were, there was still much room for improve-
ment both in performance and in fabrication methods. After only a few years, during which
progress in this field accelerated exponentially, the simple GaN emitter was supplanted by a
more optimised double-heterostructure architecture, which added indium to the list of dopants
used in material growth. In 1994, Nakamura provided another breakthrough by constructing
the first double-heterostructure, blue-emitting LED [109].
This device was based on a double heterostructure of InGaN and AlGaN, using zinc-doped
InGaN in the active layer, and showed the kind of spectral and electro-optical characteristics
that are a hallmark of present-day LEDs. Double heterostructures simply consist of a layer of a
given material “sandwiched” between two layers of a different alloy, thus forming two junctions,
either side of the central, active region layer. If one of the outer layers is p-doped and the
other is n-doped, a p-i-n structure is formed, in which electrons and holes are injected into the
heterostructure, recombining in the active region and emitting light.
The crucial addition of indium to the active layer served to strengthen inter-band emission,
owing to the presence of deeply localised discrete energy states within the material [110]. After
the first, blue-emitting diode, Nakamura quickly expanded the list of attainable wavelengths to
include green [111], amber [112] and the near UV [113].
Since these events, InGaN has become the de facto basic element of any LED emitting in
the visible part of the spectrum. The move to InGaN has allowed for several new generations
of devices, each featuring better carrier mobilities, higher brightnesses, lower dependence on
operating temperatures and more convenient form factors.
On a side note, it is worth mentioning that in parallel with the LED development occurring
since the 1960s, III-V nitride alloys were also being tested in a laser gain context, and every
generation of material used in p-n junctions has also been shown to lase under the correct
conditions [114]. The newer GaN-based alloys are not exempt from this, and in fact serve as
the basis for most blue-to-violet tabletop laser systems.
Over the course of their existence, nitride LEDs have been subject to Haitz’s Law [115] – an
LED-specific analogue of Moore’s Law – much like any other electronic component, resulting in
them becoming progressively smaller and more powerful. This ongoing miniaturisation has thus
far led to micron-scale emitters such as the ones we will discuss shortly. As far as output power
is concerned, LEDs are currently being pushed towards replacing diode lasers in laser pumping
applications.
It would constitute a significant step to be able to optically pump a semiconductor gain
medium using an energy-efficient, low-power light source like an LED, instead of using a sec-
ondary laser as is currently commonplace. It is with this in mind that the HYPIX project was
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commissioned, with an aim to unite several disciplines such as organic and inorganic chemistry,
electronics and optical physics to achieve the common goal of hybrid organic/inorganic devices,
and within that framework that this work was carried out.
3.2 Properties of nitride semiconductor emitters
Over the last two decades, III-V nitride compounds such as indium nitride (InN), gallium nitride
(GaN) or aluminium nitride (AlN) have become a mainstay of the semiconductor industry. Their
advent engendered a small revolution in the manufacture of light-emitting diodes, opening up
the lower parts of the visible spectrum and even the ultraviolet to this type of device. Lower
emission wavelengths make them attractive candidates for photoexcitation, down-conversion
or even laser pumping applications due to the energetic requirements of these processes. In
addition, the noteworthy resilience of these materials makes it possible to drive them at very high
current densities. Their various characteristics - energetic, spectral, electrical, thermodynamical
- are all important to the design and manufacture of micro-emitters, and as such will be briefly
discussed below.
3.2.1 Band gap structure
The band gap structure of a given semiconductor material influences its photoluminescent prop-
erties, determining the range of wavelengths at which it emits and under which conditions it
does so [116]. The wavelength of light emitted from a semiconductor can be tuned by altering its
composition at a molecular level, which in turn affects the material’s energetic structure. Here
we will concentrate on the emissive properties of nitride-based micro-LEDs themselves, whereas
their impact will be discussed in more detail in Chapter 4, in the context of the optical systems
built around them.
Altering the composition of the p-type and n-type materials allows for the tuning of the
emission wavelength in accordance with the DeBroglie relation:
Eg = hν =
hc
λ
[3.2.1]
where Eg denotes the band gap energy, h is Planck’s constant, c is the speed of light and λ the
free-space wavelength of emitted light. While it should in theory be possible to tune the material
in order to shorten emission to any desired wavelength within the visible/near-UV, in reality
it becomes increasingly harder to obtain shorter-wavelength light from nitride semiconductors
due to difficulties in the fabrication process.
Nitride-based emittes are found to have direct band gap structures, meaning that, under
forward bias, electrons and holes can recombine radiatively without a change in momentum.
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substrates commonly used for nitrides, and other conventional semiconductors are
shown in Figure 1.9 with respect to their lattice constants.
All III nitrides have partially covalent and partially ionic bonds. The concept of
fractional ionic character (FIC) is useful in interpreting many physical phenomena in
the crystals [31,32]. The FIC may be deﬁned for a binary compound AB as
FIC ¼ jQ"A#Q"Bj=jQ"AþQ"Bj, where Q"A and Q"B are effective charges on atoms A
and B. The FIC values range from zero for a covalent compound (each atom has four
electrons) to 1 for an ionic compound (all eight electrons belong to the anion).
Figure 1.10 displays the charge distribution along the AB bond for all three com-
pounds. The arrow along the bond charge indicates the atomic boundaries in the
crystals that are not always at theminimumof the line charge along the bondAB. This
should be expected taking into account the partial covalent bond of the compounds,
becauseonly in the ionic crystals, the atomicboundary is clearlydeﬁned.Table 1.4 lists
the calculated effective radii, rIII and rN, the effective charges, and FIC for AlN, GaN,
and InN.The ionicity ofAlN ishigh.Thismayexplain thedifﬁcultieswithAlNdoping.
It is well known that only covalent semiconductors or semiconductors with a large
covalent component can form hydrogen-like shallow levels in the bandgap by
substitution of a host atom with a neighbor with one more or one less electron. GaN
and InNhave a smaller thanAlN but nearly equal ionicity. GaNwas doped both p- and
n-type. Thus, one can expect that InN can also be doped n- and p-type. To date, only
n-type InN has been obtained because of high volatility of nitrogen and easiness of
nitrogen vacancy formation that acts as a donor in this compound.
Figure 1.9 The bandgaps of nitrides, substrates commonly used
for nitrides, and other conventional semiconductors versus
their lattice constants. (Please find a color version of this figure
on the color tables.)
12j 1 General Properties of Nitrides
Figure 3.2.1: Relationship between lattice constant and band gap energy (i.e. wavelength
of emitted light) for popular nitride alloys and their substrates [118].
For nitrides, in particular, this ease in band-to-band transitions results in quantum efficiencies
as high as 12 % [117], which is an order of magnitude higher than older, longer-wavelength,
non-nitride semiconductor systems. Contrast this with an indirect band gap semiconductor,
in which a phonon is required to impart a change in the electron’s momentum to allow for
recombination, resulting in typical efficiencies of ≤ 1 %
One of the ch llenges in developing nitride- ased light emitters is the necessity to match the
lattice constants of different materials hen creating alloys and, later, p−n junctions. In order
to grow these semiconductors on top of each other in a way that does not cause stress within
the material, it is necessary for the the lattice constants of the crystallised materials (usually
referred to in the literature as the crystal’s a and b parameters) to be as similar as possible
[118]. Fig. 3.2.1 illustrates this point by showing the relationship between the lattice constant
and band gap energy of common nitride alloys, along with some substrate materials typically
used in nitrid -based emitter fab ication.
The most common binary nitride alloys, AlN, GaN and InN, crystallise in a wurtzite structure
and have very similar lattice constants. They feature well-known band gap energies that cover
a range from 0.7−6.2 eV [119, 120] (see Table 3.2.1). By further combining these materials into
ternary and quaternary alloys (e.g. InGaN or AlGaInN) it is possible to fine-tune the band gap
energies to allow emis ion to occur across th visible region of the electromagnetic spectrum,
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ranging from the near-IR into the longer UV wavelengths [121].
Material a (A˚) b (A˚) Eg (eV) λ (nm)
GaN 3.199 1.959 3.4 360
AlN 3.110 1.904 6.2 197
InN 3.585 2.195 0.7 1700
Table 3.2.1: Lattice parameters a and b, band gap energies Eg, and associated emission
wavelengths λ of common binary nitride alloys at T = 300 K [122].
Traditionally, however, there have been issues in obtaining emission in the 550 − 620 nm
range due to the lattice mismatch between InN and GaN. The large fractions of InN required to
emit at this particular wavelength cause great amounts of stress to the material itself, resulting
in much weaker emission. In addition, the relationship between the composition of ternary alloy
InGaN (used in this project) and its band gap energy is currently the subject of study, and as
such, no accurate conclusions can be drawn as to the exact expected emission wavelength for a
given structure.
3.2.2 Physical attributes
The physical properties shown by III-nitride semiconductors are outstanding by many standards,
making them ideal candidates for long-term or large-scale use in optoelectronic devices, even in
harsh environments. Manufacturers typically quote operational lifetimes in excess of 100 000
hours. These materials are particularly well known for their robustness, which stems from high
bond strength at the atomic level [117].
Distinct lattice properties and structure result in high thermal conductivities (typically
1.3 W/cm/◦C in GaN) as well as very high melting temperatures, on the order of 2500−3000 ◦C.
In addition to making them inherently durable, these thermal characteristics make heat extrac-
tion in nitride devices very efficient, resulting in an increased threshold for the thermal saturation
of current flow. Using novel current injection schemes, it has been shown that GaN LEDs can
be driven at current densities of up to 20 kA/cm2 [123]. For a more extensive discussion of the
mechanical properties of GaN and other III-nitride alloys, see Reference [118].
3.3 LED device structure
Considering their relative youth as a technology, III-nitride emitters have undergone a compara-
tively rapid evolution in a short time, with constantly changing construction quaity and design.
A fundamental distinction between “older” and “newer” types of LED is the optical emission
scheme, which refers to the path(s) travelled by light from the moment it is generated to the
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point it leaves the device. Note that the earlier double quotes are deliberately used to suggest
that one scheme is not necessarily intended to replace the other, but rather to offer a better
alternative in specific contexts. In accordance with their particular emission scheme, LEDs are
said to either exhibit top emission or a flip-chip architercture.
Both types of structure have their place, given their difference especially in ease of manufac-
turing. The two architectures are presented below to serve as grounds for the arguments behind
the optical system considerations in Chapter 4. Note that, in the context of this particular
work, the flip-chip structure is far superior to its top-emitting counterpart, for reasons outlined
later.
3.3.1 Top emission
Appearing first, in the early stages of LED development [107, 124, 125], is the top-emitting
device, whose design is illustrated in Fig. 3.3.1a. This kind of device is characterised by its
stacked structure, which is obtained by depositing or growing [126] a layer of n-type nitride
onto a substrate, typically sapphire, or a buffer layer. This n-type layer may consist of several
slightly differently doped alloys of the same material, which serve several purposes: aside from
adjusting the band gap energy of the device, and therefore its emission wavelength, some layers
are added in order to facilitate carrier flow within the device, or to prevent material dislocations
when creating the interface with the other materials present in the stack.
Directly on top of the n-type region, one or more layers of materials with varying degrees
of doping are deposited to form single [124] or multiple [127] quantum well structures (SQW or
MQW respectively). These form the LED’s active region, only a few nanometres in thickness,
into which carriers are injected and where radiative recombination can take place under forward
bias.
A layer of p-type material is added on top of the active region. Similarly to the n-type
layer, this may consist of several sub-layers as described above. In order to address the device,
electrodes must be added to the p-type and n-type layers. The latter is accessed by mesa-
etching the stack, while the former is simply added as an additional layer at the top. Different
constraints are placed on the two electrodes. While the n-type one is only limited in size by
manufacturing considerations such as the size of the device itself, the p-type contact has more
important restrictions. It needs to spread current as uniformly as possible over as wide an area
as possible, while still being thin enough that light will pass through it. Light generated in
the active region radiates outwards from the point of origin, resulting in emission from the top
and sides of the device. Hence, the p-type contact must be as transparent as possible so as to
increase light extraction.
The scale of the device presented in Fig. 3.3.1a is exaggerated for illustrative purposes. In
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actuality, the substrate layer in a typical device can have a thickness between one and a few
hundred microns. The combined thicknesses of the n-type, p-type and active regions are on
the order of a few microns, with the two electrodes contributing another few fractions of a
nanometre. An entire device can therefore be fabricated to be a few microns thick, or a few
hundred microns thick including the sapphire substrate.
A few limitations of this particular architecture should be immediately apparent. Most
notably, the one imposed by the p-type contact presents a considerable engineering challenge.
Whilst top-emitting LEDs are perfectly common and work as intended, they are still greatly
limited in their output by the presence of that electrode at the top of the stack, irrespective of
how transparent it is. Most of the emission occurs through the top of the device, in an isotropic
fashion. In an array configuration, where any given emitter may be surrounded on all sides
by other identical ones, this can potentially become a limiting factor due to crosstalk between
neighbouring emitters (see below). In addition, regardless of its size, the electrode will also
absorb a non-negligible amount of the light that passes through it on its way out, making its
mere presence an obstacle to optimal operation.
Another important limitation stems from the isotropic nature of the emission. Light is
generated in the active region and travels radially outwards in all directions. However, the LED
is typically used in a particular orientation. Hence, 50 % of the light is automatically lost as
it does not travel in the intended 180◦ forward arc. Furthermore, of the remaining 50 %, a
small fraction is simply lost in the plane of the device, or is otherwise re-absorbed. A much
more significant fraction, however, is lost to total internal reflection within the device layers (see
Chapter 4 for an in-depth discussion). Ultimately, this leads to very low external efficiencies,
in spite of very good electrical-to-optical conversion capabilities.
Sapphire substrate 
GaN buffer layer 
n-GaN 
p-GaN 
Active region 
n-contact 
p-contact 
Light emission 
(a)
Solder 
n-GaN 
Sapphire 
Active region 
Sub-mount 
p-GaN 
Light emission 
Reflective 
p-contact 
(b)
Figure 3.3.1: Cross-sectional structure and emission scheme comparison in (a) a top-
emitting LED [107] and (b) a flip-chip one [2].
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3.3.2 Flip-chip architecture
The flip-chip LED architecture attempts to directly address the isotropy problem through a
small yet significant modification to the top emission scheme. It is commonly employed in
optoelectronic devices with any kind of embedded system (as opposed to standalone LEDs) due
to the relative ease with which the emitter can be electrically addressed and integrated within a
larger circuit board. Using a trick that is now commonplace in the semiconductor industry due
to its frequent use with other electronic components [128], the main body of the p-n junction
is flipped upside down and placed onto drops of solder that have been previously deposited
onto the substrate. The drops are in turn directly connected to whatever external circuitry is
required.
This method contrasts with wire bonding, the more traditional approach by which the de-
vice is mounted upright, and the electrodes connected to the substrate (and external circuitry)
through thin metal wires. Flip-chip emitters have been steadily implemented in the semicon-
ductor industry for the past decade and have been shown to have considerable advantages over
their top-emitting equivalents [2, 3, 129].
In the context of LEDs this approach has two main benefits. Firstly and perhaps less rele-
vantly, all the advantages typically associated with the general use of this technique also apply
to optical emitters. Said advantages include reduced size and weight due to the elimination
of external connector wires; reduced inductance and capacitance in the device circuit resulting
from the much shorter connections, which allows for faster and more stable signal transmis-
sion; greater I/O flexibility, because the connections to the emitter are no longer limited by its
perimeter as is the case in wire bonding; an increased thermal conductivity, which is again due
to the elimination of bond wires, resulting in heat flowing directly from the p-n junction to the
silicon submount at up to three times the rate [130, 131]; and, finally, a greater robustness due
to the compact nature of the resulting devices.
Secondly, the inversion of the device to reposition the contacts allows for an optical trick to
be performed: because the p-electrode is now situated at the bottom of the stack, it no longer
needs to be thin or transparent, nor does it pose as much of a constraint from a re-absorption
standpoint. Instead, it can be designed to be as thick and reflective as possible, so as to salvage
a lot of the light that is emitted “backwards”, in the direction of the contacts, as is shown in
Fig. 3.3.1b. The addition of this feature dramatically increases the useful light output in an
LED. Further engineering techniques can additionally be used to improve light extraction by
limiting the effects of total internal reflection or refraction at the interfaces within the device
[132, 133]. As a direct consequence of these comparative benefits, the flip-chip design clearly
presents itself as the superior candidate for polymer pumping applications, especially due to
the increase in useful light attained through having a reflective substrate.
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3.4 Driving and control methods
Various control schemes exist to drive LED micro emitter arrays, each better suited to specific
applications. During the course of this project, two distinct methods were used, one emerging
as an alternative at the earlier stages after initial device characterisation was carried out on
Generation I devices (see Section 3.6.1 below). In a sense, all control schemes are variations on
these two principal ones.
3.4.1 CMOS-driven operation
The first control scheme, upon which the project was initially ideally based, is the more con-
voluted of the two and allows for more complex triggering and manipulation by means of a
computer-controlled environment. The LED device is mounted onto a CMOS driver chip [134]
and operated through a custom-made, ad hoc graphical user interface (GUI) whose commands
are relayed to the chip via a field-programmable gate array (FPGA) board. In addition to relay-
ing instructions, the FPGA also powers the device by feeding off one of the computer’s USB ports.
All of this was designed and developed in-house by HYPIX project partners at the University
of Edinburgh Institute for Microelectronics and Nanosystems.
CMOS transistors are usually chosen in signal processing contexts due to their low power
consumption, good heat dissipation and very high switching speeds [135]. Having a low-latency
component driving LED devices enables the user to perform experiments in optical commu-
nications, in this case at visible-light wavelengths. The chip used here features a variety of
triggering options. Every element, or pixel, in an n × n LED is addressable individually both
in continuous-wave (CW) and pulsed modes. In addition, any group of up to five pixels can
be simultaneously switched on, resulting in on-demand patterning. More pixels could also be
activated keeping in mind that the fixed voltage supply to the CMOS would limit the total drive
current in the device, as multiple LEDs in the array effectively act as current dividers, meaning
that more pixels wouldn’t be as bright as a smaller number.
The CMOS features an on-board voltage-controlled oscillator (VCO), which is a common type
of electronic circuit [135] employed in both analog and digital communications systems. A
VCO takes an input voltage and, depending on the type and configuration of the oscillator,
outputs a square-wave, triangular-wave or even sinusoidal signal, which can be used to drive
other components. Altering the input voltage grants control over the frequency of the outgoing
pulses, where a higher voltage results in a higher repetition rate.
Additional circuitry is also in place to enable pulse width modulation (PWM). As the name
implies, this is a technique that consists in adjusting the widths (in time) of the pulses in an
oscillating signal. Here, it is implemented at a fairly basic level, in that any modulation is
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applied signal-wide as opposed to a pulse-by-pulse basis. In addition, modulation also affects
the array as a whole, rather than being available separately for each individual pixel.
The on-board modulation functions, coupled with the GUI, allow the simultaneous pulsing
of any active emitter at rates that can vary between 8− 70 MHz featuring widths of 500 ps to
48 ns. While, in theory, the ability to generate continuous, stable pulse trains is attractive for
laser pumping, in practice the repetition rates offered may not be ideal for such an application,
as was explained when discussing laser requirements in Chapter 2.
If desired, external modulation is also available through a standalone signal generator or
voltage source. However, there is the risk of exceeding safe operational limits for the CMOS
before the LED’s are even reached, by applying too great a voltage across it. This is in fact
a greater limitation of this particular control scheme. The CMOS represents a considerable
bottleneck to optical output: even with relatively high electrical-to-optical efficiency, the raw
amount of charge flowing through the drive circuit required to output a certain optical energy
could destroy the CMOS in a high-power application such as optical pumping.
Although organic solid-state amplification has been demonstrated using CW stimulation
[136, 137], as well as pulsed excitation at different rates using a variety of systems, low-rate
pulsed excitation is typically thought to be a better method due to loss mechanisms presented
by organic materials. In addition, it is important to remember that organic gain media are
extremely prone to photodegradation. Hence, if population inversion can be achieved with a
lower pump rate, it is better to do so rather than irradiating the material with more energy
than is requried, risking a shorter operating lifetime.
3.4.2 Direct electrical driving
The other, simpler one consists in connecting a current/voltage generator directly to an LED
device. Any and all I/O functions are then handled directly using the generator’s controls by
modulating its DC current/voltage output, resulting sometimes in very coarse manipulation
depending on the instrument. Using this particular scheme allows for the LED to be pushed to
its operating limits, as there is no intermediate bottleneck component to curb its functioning.
Hence, direct drive is the preferred method for characterising a device’s current-voltage (I-V)
or optical power-current (L-I) characteristics. The obvious risk associated with direct drive
operation is the partial or total damage that can be caused to the LEDs by accidentally or
purposefully exceeding recommended operating parameters. Unfortunately, the risk must be
accepted as inherent to the act of optically pumping a gain medium in hopes of achieving lasing
for the first time.
In order to better pump polymer targets, an intermediate component was used as part of a
modified direct drive system. Current/voltage sources do not generally have the capabilities to
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generate the output required for pumping due to how specific lasing requirements can be for
some media. It was found during the early stages of this project that the sources available, while
being of excellent quality, were not able to supply current pulses of the desired specifications.
This issue was sidestepped by introducing a commercial off-the-shelf laser diode driver into the
system between the source and the LED. Such drivers are commonly found inside tabletop laser
packages and regulate current flow inside the device, ensuring correct operation and sustaining
it over time.
The driver, an IXYS Colorado PCO-7110 series, effectively acts as a capacitor with a switch
connected to it. A large voltage source (> 100 V) connected to the circuit causes the “capacitor”
to charge, while an external signal generator supplies a standard 5 V clock pulse, which causes
the “switch” to fire, releasing all the charge that was stored up. The effect is a continuous series
of high-amplitude current pulses that are shaped by the particular configuration of the driver
circuit.
The only controls a user has over the current output characteristics are over the pulse fre-
quency, which is dictated by the external clock pulse, and over the amplitude of the current
pulse, which is directly proportional to the high-voltage supply that the diode driver is connected
to. The proportionality between voltage in and current out is specific to the driver model, and
can not be changed without hardware modifications. Fig. 3.4.1 illustrates the layout of a laser
diode driver-driven LED installation, comprising two separate power supply units (PSUs) and an
external signal generator.
15 V PSU (support power) 
High-yield PSU (input voltage) 
Signal generator 
(clock) 
Diode driver circuit LED device 
Output current pulse 
Figure 3.4.1: Components required to run a pulsed interconnected-array LED. The 15 V
PSU is used to power the driver, while the high-yield one is used to generate high-amplitude
current pulses. The external signal generator acts as a system clock, causing each individual
pulse to fire. The shape of the pulses themselves, however, is dictated by the driver circuit
exclusively.
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The characteristics of the driver which are of interest here are its electrical pulse width, pulse
rate and maximum amplitude, as all these quantities are directly related to their equivalents
in the emitted optical pulse. Table 3.4.1 summarises the main technical specifications of the
driver. This particular model was chosen among the rest in its line based on polymer material
laser pump requirements. As was shown in Chapter 2, the reference pump pulse length for all
gain media used here was 8 ns, so the 15 ns supplied by the diode driver was deemed a sufficient
approximation. Similarly, the maximum output pulse amplitude of 50 A would be sufficient to
drive the LEDs hard enough.
Max pulse amplitude 50 A
Pulse FWHM 15 ns
Rise time 2.5 ns
Max pulse rate 11 kHz
Table 3.4.1: Technical specifications for the IXYS Colorado PCO-7110 laser diode driver
used in conjunction with interconnected-array LEDs.
Unfortunately, the documentation included with the driver did not list the conversion rate
for input voltage to output current, so voltage will be used as a metric throughout this docu-
ment instead of current, when showing measurements performed over a range of current pulse
amplitudes. Attempts were made to probe the outgoing current pulse, so as to characterise
the voltage-current relationship, by inserting a small-form-factor Tektronix CT1 current probe
between the diode driver circuit’s positive terminal and the LED, so as to get a clear measure-
ment of the actual current pulse reaching the device. However, by simultaneously monitoring
the current’s waveform before and during probing, the process was found to significantly alter
the pulse itself, which would lead to an inaccurate and unreliable set of data.
3.5 Spectral characteristics of LEDs
Light-emitting diodes based on III-nitride compounds typically have relatively narrow emission
spectra. Gallium nitride has a band gap energy of 3.4 eV, resulting in an emission centered on
360 nm. However, by fine tuning the structure and composition of the alloy or through doping,
it is possible to adjust the emission to a range of wavelengths in the 350− 550 nm range. Fig.
3.5.1 shows a sample emission spectrum from a CMOS-driven LED array produced early in the
project which emits, nominally, at 405 nm.
The spectrum presents a couple of features that are worthy of consideration both from both
system building point of view and from a polymer excitation one. Firstly, note that the full
width at half-maximum (FWHM) of the emission peak is around 16 nm, which is quite a lot
broader than a typical laser line, but still relatively narrow. The importance of this line width
will become clear in Chapter 6, when examining the laser pumping potential of the LED and
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Figure 3.5.1: Sample spectral measurement from a 405 nm Generation I LED array. The
highest point actually occurs before 405 nm, but the peak as a whole is centered on that
value. The emission linewidth is 25 nm.
their overlap with polymer absorption functions. Interistingly, the emission peak as a whole is
not as smooth as would be expected from an approximately monochromatic source. Features
on the right-hand side of the peak precisely occur at regular intervals of 5 nm, which indicates
some form of periodic or recurring effect. Less evidently, the features on the left-hand side
follow the same pattern, albeit in a less pronounced manner.
Secondly, the emission does not appear to have one individual, clearly defined peak at 405 nm
as expected, but rather two secondary peaks at 403 and 407 nm respectively. It is unclear
whether these peaks are a result of Fabry-Pe´rot phenomena, or whether their appearance is due
to other Franck-Condon-like effects [138] inside the MQW region. The features as a whole appear
too regular to be caused by multiple vibronic transitions. The origin of these irregularities could
be the subject of further study, but for the scope of this work it is sufficient to be aware of their
presence.
3.6 Emitter geometry and device generations
With their increasing presence in the semiconductor world, micro-LEDs have been developed in
a range of contexts and applications, often taking the form of arrays of emitters with varying
geometries. What is being referred to is not only the form factor and design of the LEDs
themselves, but also to their arrangement within an array. Different geometries lend themselves
better to different applications, and it is important to consider which ones may be best suited
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for the work at hand. Here, several geometries were used for reasons that will become apparent
in Chapters 5 and 6. Their differences are a result of an evolution over the course of the HYPIX
project, during which advances in device manufacturing were made alongside progress in the
understanding of the relationship between nitride emitters and organic semiconductors.
3.6.1 Generation I: CMOS-driven micro-disc LED array
The most basic emitter layout used in this work is the fixed-diameter micro-disc geometry,
illustrated in Fig. 3.6.1a. Circular emitters featuring a diameter ∅ = 72 µm and a centre-to-
centre spacing of 100 µm are arranged in a 16 × 16 grid. LEDs are flip-chip mounted onto a
CMOS backplane, similarly to what was shown in Fig. 3.3.1b, such that each emitter can be
individually addressed. It was found experimentally that up to five emitters could be activated
at once before recording a drop in CW power output (in units of Joules/second) across the board
of more than 10 %. The device used at the beginning of this project was a 16×16 array in which
only every other emitter was bonded, resulting in an 8 × 8 grid of LEDs with a mark-to-space
ratio close to 1 : 2.
72 µm 100 µm 
(a) (b)
Figure 3.6.1: (a) Schematic representation of fixed-diameter, CMOS-driven micro-disc LED
arrays and (b) photograph of a 16 × 16 micro-disc array featuring bonding on every other
emitter, effectively resulting in an 8× 8 array with a 1:2 mark-to-space ratio.
Being the earliest prototype LED array of its kind, predating even the HYPIX project in its
design, this device was engineered as described for two main reasons. The first is the underlying
CMOS transistors onto which the LEDs are mounted. Being responsible for pushing current
through the emitters, these of course may be comparatively large, and may occupy an area
that is larger than the separation between adjacent LEDs. For this reason, whilst the array was
originally fabricated to hold 16× 16 emitters, it was later considered an acceptable trade-off to
have larger CMOS transistors (and therefore more current/output power) in exchange for fewer
active elements overall.
Secondly, it is worth noting that this generation of device featured bump-bonded emitters.
Again, because of its intended use as a prototype, it was also decided to only bond one quarter
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of the emitters (8× 8) while fabrication processes were being refined. The LED array is shown
in Fig. 3.6.1b with four “adjacent” emitters turned on. A sample emission spectrum can be
found in the previous section, in Fig. 3.5.1.
While most representative of the original goals and vision of the HYPIX project, this family
of emitters is the only one that was driven by a CMOS chip, as it was discovered early in the
project that the driving electronics would be the principal limiting factor to energy extraction
in the LEDs (see Chapter 6). Their use in spectroscopy applications is detailed in Chapter 5.
3.6.2 Generation II: directly-driven micro-disc LED cluster array
Initial characterisation and testing with CMOS-driven micro-disc arrays prompted the decision to
switch to a more direct method of control for the LEDs. With CMOS circuits allowing a maximum
of 3.3 V or 5 V worth of potential energy to pass through them before ceasing to function, it
was clear that laser pump thresholds in organic semiconductors would not be reached unless
this particular bottleneck was eliminated. To this end, an off-the-shelf laser diode driver was
selected to control future generations of LEDs. The driver in question was the IXYS Colorado
PCO-7110 laser diode driver detailed above in Section 3.4.
The second generation of LED devices features similar flip-chipped micro-disc emitters to the
first one, albeit with a smaller diameter. The principal difference between the two families lies
in the way in which emitters are addressed. In this second-generation device, individual micro-
emitters are clustered together to form larger elements, while being interconnected through the
device, meaning that one electrical contact addresses all emitters in a given cluster. Cluster
sizes range from 2× 2 through to 16× 16.
The device used in this work, of which a schematic is shown in Fig. 3.6.3 and a photograph in
Fig. 3.6.2, featured ∅ = 35 µm emitters at 50 µm pitch, forming clusters of up to 520×520 µm.
More emitters in a cluster generally imply a smaller optical energy density: this is not only
because of the increased number of inter-emitter connections, but also due to the increased
surface area that stems from the larger number of emitters in each cluster.
Because of the circular emitter geometry, the fill factor in any given cluster for this device is
38 %. Not necessarily optimal for emission uniformity, but recall that this array was produced
as a one-off prototype to test the interconnected cluster architecture, and is already a significant
improvement over the grid-array model. The design wavelength for this device was λ = 450 nm,
and a sample spectrum can be seen in Fig. 3.6.4.
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Interconnected µLEDs
Target Æ increase of the emission area without decrease of the output power density
Pixel size of 35µm with a pitch of  50µm
-maximum array area of  520µm x 520µm
(flip-chip emission)
The output power per pixel is much 
lower than expected when the number of 
pixel increases
likely due to 
thermal effects
¾ Interconnected µLEDs with different pitches
have been fabricated to investigate the
thermal effectsÆ not yet characterized
6HYPIX meeting, London the 6th November 2009
Figure 3.6.2: Photograph of Generation II LED array under a microscope, and inset of an
active cluster of emitters.
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Figure 3.6.3: Second-generation LED device schematic. Micro-disc emitters of ∅ = 35 µm
are clustered into square patterns of varying dimensions.
Figure 3.6.4: Sample spectral measurement from a Generation II LED array. The peak
width is greater than the previous generation’s, but the regular, bump-like features either
side of the peak are less pronounced.
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3.6.3 Generation III: directly-driven micro-square LED cluster array
The change in control methods and emitter geometry enabled the early measurements shown
in Chapter 6, Section 6.3. The ability to operate the LED arrays in pulsed instead of CW mode
alone represented the first step in replicating (or at least approxmating) tried-and-tested pump
methods developed during material characterisation detailed in Chapter 2. In addition, the
new interconnected cluster architecture was found to eliminate the potential energy bottleneck
mentioned above, leading to progress in polymer pump attempts, in spite of sacrificing the
on-demand reconfigurability of the original CMOS-driven devices.
In light of these promising results from Generation II, preferences about the electrical char-
acteristics, LED form factor and overall device architecture were fed back to HYPIX project
partners at Strathclyde University to refine the interconnected cluster array geometry that they
had developed. The third generation of emitters saw the change from a circular form factor to a
square one, increasing the active area of the LEDs and therefore also their uniformity. The new
device, whose general architecture is presented in Fig. 3.6.5, features clusters of square LEDs
measuring 30 µm to a side, with a 3 µm gap between adjacent emitters.
Two types of clusters are present on the device: four 8× 8 and four 16× 16 ones, resulting
in overall emissive areas of 261× 261 µm and 525× 525 µm respectively. Clusters of the same
size are nominally identical, but show variations in emission uniformity and electrical-to-optical
efficiency due to inconsistencies in the fabrication process.
The most notable improvement over the prototype Generation II device is in the fill factor.
The square geometry of the emitters, combined with near-gapless clustering, increases the fill
factor from 38 % in the previous generation to 83 % in this one. This device was designed to emit
at λ = 405 nm in order to excite the blue-emitting polyfluorene blend Y80F8:20F5 described in
the previous chapter. Fig. 3.6.6 shows the device photographed under a microscope, whereas a
sample spectrum can be seen in Fig. 3.6.7.
It is also implicit, as is with all successive generations of LEDs, that these emitters featured
slight improvements in their electro-optical characteristics over previous models. A significant
change that occurred between Generations II and III was the optimisation of heat extraction in
the device thanks to a change in the design of the interconnected clusters by the Strathclyde In-
stitute of Photonics. The increased heat dissipation resulted in lower quenching in the emitters,
allowing for higher output energies.
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Figure 3.6.5: Geometry of the third-generation interconnected cluster LEDs. Micro-squares
of 30×30 µm were arranged in 8×8 or 16×16 clusters with 3 µm between adjacent emitters.
Figure 3.6.6: Photograph of the Generation III micro-square-cluster LED array, with inset
individual clusters emitting at 405 nm.
Figure 3.6.7: Sample spectral measurement from a Generation III LED array. The emission
peak is narrower than in Generation II, and the periodic features are still visible, more so
than the previous model.
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3.6.4 Generation IV: directly-driven stripe-geometry micro-square LED clus-
ter arrays
Generation III LEDs ultimately proved to be a step backwards from Generation II, as outlined
in Chapter 6, Section 6.4. Several issues were found immediately during characterisation and
testing, relating to the current pulse characteristics, the drive current dependence of the emission
wavelength, and the overall emission wavelength itself. The one positive change was the new
form factor of the LED emitters, allowing for a better fill factor and therefore better uniformity
of the pump spot. Once again, this information was fed back to HYPIX partners at Strathclyde,
who set off to re-engineer the devices to make them more compatible with the polymers being
developed by other partners at Edinburgh and Imperial College.
Additionally, the next iteration of LED array design presented yet another refinement in the
geometry of the emitters. Following a series of internal studies, it was found that the shape and
dimensions of the pump spot size did indeed affect the efficiency with which polymer samples
would absorb light [92]. The best results were obtained using thin, elongated stripe geometries
with sub-1 mm lenghts using a frequency-doubled Nd:YAG test setup. This test setup, which
will be discussed in more detail later, was the same one used to characterise the organic material
samples used in this work.
Following these studies, new emitters were designed with the intent to facilitate the delivery
of a pump stripe to the focal plane, and perhaps even pump samples directly without any
intermediate optics. These newer arrays, illustrated in Fig. 3.6.8, feature the same series of
clustered micro-LEDs as the previous 405 nm model. Blocks of emitters consist of grids of 33×12
or 33× 8 square emitters. These are 30× 30 µm in size and have minimal (≤ 1 µm) separation
between them. Adjacent blocks are separated by one column of emitters’ worth of space, i.e.
30 µm.
The stripe form factor is already present at the source, without requiring cylindrical lenses
or similar workarounds to manipulate the spot. Up to four adjacent blocks of micro-LEDs can
be activated simultaneously, resulting in 1− 4 mm stripes of semi-consistent uniformity.
This generation of emitters was designed to operate at 450 nm, in order to pump green-
emitting polymers (see Chapter 2). Fig. 3.6.10 shows the emission spectrum for one of these
emitters, taken directly at the source.
3.7 Summary of available systems
To summarise, two distinct types of package were used as light sources. Laser diode driver-
controlled, interconnected-emitter arrays with a variety of geometries were used where maxi-
mum energy output was required. These devices are intrinsically more suited to laser pumping
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Figure 3.6.8: Emitter geometry for fourth-generation LED device. Each stripe is composed
of one or more 1 mm interconnected segments. In turn, each segment consists of a grid of 33
square emitters in width and either 12 or 8 emitters in height. Emitters are 30 µm to one
side with minimal (≤ 1 µm) gap in between. The diagram shows five emitters resulting from
the connection of different segments, labelled A1, A2, B, C, D.
Figure 3.6.9: Photograph of a Generation IV stripe-geometry, micro-square cluster LED
array emitting at 450/nm. The photograph is of an earlier prototype model featuring a 16-
pixel stripe height, as opposed to 12 in the ones used in the pumping of organic semiconductors
described later.
Figure 3.6.10: Sample spectral measurement from a Generation IV LED array.
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experiments, and can be used for characterisation when trying to discover the operating limits
of the LEDs themselves. These are named Generation II-IV above, and were used for the bulk
of the work described herein, specifically in Chapter 6.
The other type consists of micro-disc, CMOS-driven arrays with a graphical front-end, pow-
ered by USB. While not as powerful as their directly-driven counterparts due to the bottleneck
represented by the CMOS, these devices are much better suited to visible-light communications
and rangefinding, sensing or other similar pattern-dependent experiments. Only Generation I,
above, represents this class of emitters, as it was decided to focus on energy extraction and
pumping while iterating the LED design over the course of the HYPIX project. Work relating
to these devices can be found in Chapter 5.
Generation Section Geometry Driving λ (nm)
I 3.6.1 µ-disc grid CMOS 405
II 3.6.2 µ-disc clusters Direct 450
III 3.6.3 µ-square clusters Direct 410
IV 3.6.4 µ-square stripes Direct 450
Table 3.7.1: Summary of LED arrays used during HYPIX. Devices are differentiated by
emitter geometry, driving method, and central emission wavelength. The Section column
refers back to the individual sections in which each device was discussed.
All devices are reported in Table 3.7.1, alongside their principal characteristics and a reference
to the section in which they are discussed. In the next chapter, we will see how optical setups
were constructed so as to best approximate the threshold lasing conditions found during material
characterisation. While this chapter introduced the spectral characterisics of the LED arrays
and their electrical properties, Chapter 4 will focus more on the shaping of the pump spot and
the increasing of both light extraction and pump spot energy density from the arrays.
3.7.1 Shaping the optical pulse
Before proceeding, however, it must be noted that the specifications for the laser diode driver
described above present one major issue. As was discussed in Chapter 2, the length of the
optical (and therefore electrical) pulse needs to be in the sub-10 ns range in order to satisfy
lasing conditions in the polymer gain media used by HYPIX. In CMOS-driven devices, where
the built-in voltage-controlled oscillator (VCO) does not reach those frequencies, this type of
modulation can be achieved by bypassing the on-board pulse shaping electronics altogether in
favour of an external signal source, while retaining the other computer-controlled functionalities
of the chip.
In the diode driver, the pulse amplitude is controlled by an external voltage source, but its
temporal characteristics are dictated by the pulse-generating circuit, and are therefore hardwired
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Figure 3.7.1: Circuit diagram for an LCR high-pass filter. In this configuration, the inductor
is placed in parallel with the load, across the circuit’s terminals.
into the component itself. The electrical pulse from the driver, and corresponding optical
response from an LED emitter, were initially recorded in the 100 ns range, and entire order of
magnitude larger than required. Such a discrepancy was very probably due to an impedance
mismatch between the driver and the LED device.
In the absence of better commercially available components, this problem was addressed in a
fairly crude manner by making a hardware modification to the final part of the circuit. As was
mentioned above, the diode driver essentially acts as a capacitor with a switch and an electrical
load in the form of the LED. Therefore, introducing an inductor in parallel with the load would
create a high-pass LCR circuit, such as the one in Fig. 3.7.1. This filter would address the
impedance mismatch and hopefully reduce the width of the outgoing pulses.
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Figure 3.7.2: (a) Predicted and (b) actual effects of using an inductor to create a high-pass
filter in the diode driver circuit, in an effort to shorten the pulse width. The end result was a
shorter pulse with a reduced amplitude, resulting in lower power being emitted by the LEDs.
In this configuration, with the inductor in parallel with the load, the high-frequency com-
ponents of the oscillating signal are sent through to the load, whereas the low-frequency ones
are sent to ground. The expected outcome of this operation, illustrated in Fig. 3.7.2a, was
a shortening of the electrical/optical pulse. What was actually measured, however, is more
correctly illustrated in Fig. 3.7.2b. The new pulse, while being shorter (25 ns width) also lost
a lot of its amplitude in the process.
Because the load represented by the LEDs was an unknown quantity, it was not possible to
calculate in advance the inductance required to produce pulses of the desired duration. Based on
very general assumptions about the devices’ construction, an order of magnitude of 100 nH was
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Figure 3.7.3: Effect of placing a high-pass LCR filter at the end of the LED driving circuit.
The two optical pulses are normalised, as they could not be measured using the same align-
ment. Hence, the difference in amplitude is not evident. Note the reduction in both pulse
length and rise time due to better impedance matching with the load.
Figure 3.7.4: Effect of introducing an inductor into the LED driver circuit on the energy-
per-pulse emitted by the four best LED clusters in a 450 nm device. Note not only the
overall attenuation, but also the slight change in curve gradient, signifying a different L-I
relationship. Some data points are noted as zero because they were too weak to trigger the
detector.
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Figure 3.7.5: Setup used to measure the length of optical pulses emitted by interconnected-
cluster LED arrays, before and after hardware modifications.
considered appropriate. At that range, the only available inductors were of exactly that value,
and there was not enough space on the diode driver’s circuit board to insert more than one.
With the choice being between having a highly energetic 100 ns pulse and a weaker 25 ns one,
the shorter pulse was chosen, as it would curb limiting effects such as triplet state absorption.
Two measurements were made, before and after applying physical modifications to the driv-
ing circuit, using the simple setup shown in Fig. 3.7.5. The LED array is simply imaged onto
a fibre coupler, leading to an ultrafast photodiode. A comparison of the two optical pulses is
shown in Fig. 3.7.3, with both pulses normalised for intensity. Separate energy-per-pulse mea-
surements are shown instead in Fig. 3.7.4 for the four best micro-disc clusters in a Generation
II 450 nm device. These were taken at the imaging system’s focal plane, where the polymer
sample would normally be located, using the three-lens pupil relay configuration described in
Chapter 4, Section 4.7.2, with an energy meter in the sample plane.
The significant reduction in output power is a simple result of the filtering process, in which
lower-frequency parts of the signal are attenuated by the LCR circuit. The bulk of the energy
was evidently being transmitted at lower frequencies, which were intentionally being targetted.
This was an unfortunate consequence but, as was stated above, it would be more useful to have
shorter pulses than a higher energy for the purposes of laser pumping.
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Chapter 4
Optical setups
4.1 Introduction
This chapter seeks to introduce the various factors influencing the design of any optical sys-
tem involving the illumination of small, micro- or nano-scale targets with the emitters that
were covered in Chapter 3. Separate applications mandate subtle differences in the choice and
placement of individual components, which may have a significant impact on the final result.
An example of different application frameworks is the contrast between simply imaging a light
source onto a target, from point A to point B, and using the same light source to pump a gain
medium, which requires maximum energy density in the imaging system’s focal plane, among
other features.
The essential characteristics of the LEDs will be discussed in a system-building context,
highlighting the strong impact of the devices’ radiance, size and geometry. Challenges in light
collection and transmission efficiency will be explained, along with considerations pertaining
to the focal plane of the system, where light is intended to be delivered, and any detection
mechanisms used to measure common properties of light, such as power, spectral distribution,
polarisation, etc.
As a guiding objective, recall from Chapter 2 that the key system optimisation parameter
is always the pump spot’s energy density. In this chapter we shall see how to maximise this
quantity, taking several external limiting factors into account.
4.2 Definition of standard quantities
A metric that is commonly used in the description and comparison of incoherent sources, such
as LEDs, is the radiance of a device. An emitter’s radiance is a measure of the amount of light
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passing through or being emitted by a particular area, and is in fact defined in terms of light
flux per unit solid angle. It is usually expressed in SI units of Watts per steradian per square
metre (Wsr−1m−2) and should not be confused with spectral radiance, which is the radiance
at a specific wavelength, and therefore features an extra unit of inverse length (Wsr−1m−3) or
frequency (Wsr−1m−2Hz−1) depending on which of these quantities the spectrum is measured
in.
Formally, the radiance (usually denoted L) in a given direction θ from an incoherent source
is given [139] by:
L =
d2P
dΩdA cos θ
Wsr−1m−2 [4.2.1]
where P is instead used to denote the optical power, or radiant flux, emanating from the source.
A is the radiating area and Ω the solid angle subtended at the observation angle θ. Note that
this definition is for a two-dimensional problem, as shown in Fig. 4.2.1, as the observation angle
θ does not take into consideration any azimuthal rotation about the y axis.
dA θ 
dΩ 
dA cosθ  
Figure 4.2.1: Geometrical illustration of solid angle, used here to define the radiant flux
Φ emitted by area dA and observed at an angle θ, which subtends a solid angle dΩ at the
observer’s surface, thus yielding a radiant intensity I.
We also define the radiant intensity Φ as the radiant flux emitted within a unit solid angle:
Φ =
dP
dΩ
W · sr−1 [4.2.2]
which allows us to re-write Eqn. [4.2.1] as:
L =
dΦ
dA cos θ
≈ Φ
A cos θ
. [4.2.3]
The ratio between radiance and the square of the refractive index is an invariant in geomet-
rical optics [140], meaning that radiance itself is invariant for any optical system in air. This
is a powerful result because of its implications. When imaging any light source onto a point
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further along the optical axis, it is impossible to arbitrarily increase radiance by modifying the
optics.
Finally, the irradiance (most commonly and confusingly referred to as the intensity) I,
detected at a particular surface, is defined as the optical power passing through that surface
per unit area dS:
I =
P
dS
Wm−2 . [4.2.4]
4.3 Analysis of emission from multi-layer structures
Before even reaching the optics, light that makes it to the surface of the device in a flip-chip
component must cross from the n-type GaN alloy region into the sapphire cover. Keeping in
mind that the active region in which light is generated is only a few nanometres thick, we choose
to simplify the problem by ignoring its thickness and including the back-reflected light in the
bulk of the emission. We therefore assume that light in fact originates from base of the n-GaN
region, undergoing its first medium change when it crosses into the sapphire.
Sapphire is a relatively high-index medium. Its dispersive properties cause the RI to vary
between 1.834 at λ = 256 nm and 1.586 at λ = 5580 nm [141]. For the LEDs used in this
work, the key operating wavelengths are 380 nm, 405 nm and 450 nm. The RIs quoted at those
wavelengths are 1.7903, 1.7858 and 1.7794, respectively.
In the case of gallium nitride, the refractive index may vary depending on exact alloy type
and composition. A general value used for GaN-based LEDs is 2.50, which is close enough to
most alternate values to that precision [142].
Choosing an operating wavelength λ = 450 nm as an example, we substitute the appropriate
value into Snell’s expression for the critical angle:
sin θc =
n2
n1
[4.3.1]
and end up with a critical angle of θG-Sc = 45.39
◦ for light crossing from GaN into sapphire,
where the superscripts G and S denote the respective materials. Already, this angle can be
seen as a significant limiting factor, as it effectively cuts out a sizable proportion of the light
emanating from the LED’s active region. As for the sapphire-air interface, the same calculation
yields a critical angle of θS-Ac = 34.18
◦, which is even smaller.
Unfortunately, however, the true critical angle is even smaller, for reasons illustrated in
Fig. 4.3.1. In the figure, we consider a ray of light propagating through three material layers
with refractive indices n0, n1 and n2 respectively, similarly to how light would travel through
the GaN-sapphire-air interfaces when escaping an LED. Because of congruent angles, at the
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Figure 4.3.1: (a) Ray of light propagating through layers with varying RI and (b) illustration
of the cutoff angle θ0 at which light still crosses from the first layer into the second, but is
still reflected at the next boundary.
GaN-sapphire interface this ray must obey the following:
n0 sin0 = n1 sin θc
meaning that the angle θ0 in GaN is the cutoff angle beyond which any light managing to cross
from GaN into sapphire would be internally reflected when reaching the sapphire-air interface
anyway.
This immediately leads to the powerful result that
sin θ0 =
n1
n0
sin θc =
n2
n0
which implies that, when traversing several layers of varying refractive index, the only ones that
matter are the first and last ones. This result can be generalised to any number of intermediate
layers, and puts a significant constraint on light escaping the device, because the critical angle
is actually calculated between high-index GaN and air directly. Thus,
sin θc =
nGaN
nair
.
Using the values supplied above, this critical angle is calculated to be θc = 23.58
◦, much
smaller than the one for the sapphire/air interface. Light is therefore assumed to originate from
the LED arrays in a fairly narrow cone. Note, however, that this cone is of the same order of the
collection cone for a high-NA microscope objective. Recall, in fact, that NA = 0.40 corresponds
to a collection cone with θ = 24◦, just sufficient to cover the assumed emission from one single
emitter. Having several adjacent emitters in a row would increase the angular requirements for
collection.
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However, it is important to note that this 23.58◦ angle is not the emission angle from the
device. It is the maximum angle at which light originating in the LED active region escapes the
device upon reaching the sapphire-air interface. At the interface, all the angles in the interval
0◦ ≤ θ0 ≤ 23.58◦ are mapped to the interval 0◦ ≤ θi ≤ 90◦ because of refraction, as shown in
Fig. 4.3.2.
n0 
ni 
θc n0 sinθ0 = ni sinθi 
Device 
(multiple layers) 
Air 
θ0 
θi 
Figure 4.3.2: Refraction of rays within the critical cone at the interface between device and
air. The energy contained within θc is mapped across a 180
◦ arc as it crosses into air, resulting
in a significant loss, independently of how good the device’s current-power characteristics may
be.
Here, the counter i indicates that sapphire is the ith layer of the device. The light that is
“seen” by the collecting objective is therefore still emitted in a 180◦ arc. However, the energy
contained within that arc is now only a fraction of what is produced in the active region.
4.3.1 Lambertian emission approximation
Similarly to the majority of other light-emitting diodes, it was initially assumed that the micro-
LED arrays would exhibit a Lambertian emission profile due to their physical structure and the
processes involved in photon generation. Lambertian emission is a mark of LEDs as well as
radiating black bodies: an incoherent source exhibiting a Lambertian profile characteristically
has the same radiance regardless of the angle at which it is observed. Hence, the radiant
intensity I of the source (power incident per unit area) must be proportional to the cosine of
the viewing angle [143].
Light that follows a Lambertian emission profile radiates in a 180◦ arc in the forward di-
rection. We assume light to only be emitted in this direction due to the flip-chip emitter
architecture described in Secion 3.3.2, which causes light emitted in the backwards direction to
be reflected forwards with considerable efficiency.
On further analysis, it was found that Lambertian behaviour is only a reasonable approxima-
tion to the true emission profile. Recall from the previous section that the LED devices consist
of several layers of varying refracting index, and that light therefore undergoes refraction as it
escapes the device, notably when crossing from the device into air. Consider a hypothetical
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case in which there is no boundary between device and air, and the light source simply acts as
an isotropic radiator, emitting light into a unit sphere. This situation is shown on the left side
of Fig. 4.3.3 with the light source radiating photons with power P into an infinitesimal area dS
on the surface of the unit sphere defined by polar angle interval dθ and azimuthal angle interval
dφ, resulting in a radiant intensity I.
dθ 
dθ’ 
dS 
dS’ 
r = 1 I’, P’ 
I, P dΦ 
dΦ 
Device (n) 
Air (n’ = 1) 
Figure 4.3.3: Radiant intensity from an isotropic radiator (left) and radiant intensity from
the same light source after refracting at a boundary (right). The left part of the figure
assumes the absence of the device/air boundary.
On the right side of the figure, light from the same source undergoes diffraction at a boundary,
resulting in the same process happening at a different polar angle dθ′, with corresponding
quantities as noted, and with the azimuthal angle remaining the same.
The two infinitesimal surfaces are defined as follows:
dS = dθ sin θdφ [4.3.2a]
dS′ = dθ′ sin θ′dφ . [4.3.2b]
In the isotropic case, the power P through dS is simply the fraction of the source’s total emitted
power P0 flowing through a fraction of the unit sphere:
P = P0
dS
4pi
and therefore its intensity is given by
I =
P
dS
=
P0
4pi
.
73
In the presence of a material boundary with associated refraction, and keeping in mind that
the source power is the same in both cases, the same quantities are defined as
P ′ = P = P0
dS
4pi
[4.3.3a]
I ′ =
P ′
dS′
=
P0
4pi
dS
dS′
. [4.3.3b]
We apply Snell’s Law to the refracting light:
sin θ′ = n sin θ where n′ = 1 in air [4.3.4]
so that substituting into Eqn. [4.3.2b] yields the following:
dS′ = dθ′n sin θdφ .
Eqn. [4.3.3b] can now be re-written as
I ′ =
P0
4pi
dθ sin θdφ
dθ′n sin θdφ
=
P0
4pin
dθ
dθ′
. [4.3.5]
Differentiating Eqn. [4.3.4] yields an expression for the polar angle differentials:
cos θ′dθ′ = n cos θdθ ⇒ dθ
dθ′
=
cos θ′
n cos θ
.
When substituted into Eqn. [4.3.5], this expression allows us to gather terms, and once again
use Snell’s Law to eliminate θ-related ones, ultimately giving an equation for the variation of
intensity over the field of view as a result of diffraction at the device/air interface:
I ′ =
P0
4pin2
cos θ′√
n2 − sin2 θ′
. [4.3.6]
The angular dependency of this function is plotted in Fig. 4.3.4 as a dashed line, together with
a normal cosine function as a solid line for reference. Keeping in mind that this approximation
ignores Fresnel reflections inside the device, it appears that the Lambertian approximation is
reasonably valid when describing the emission profile.
In the approximation, the half-intensity angle is simply the angle at which the value of cosine
is equal to 0.5, which is 60◦. One should not make the confusion between half-intensity angle,
which delimits the FWHM of the emission, and the angle within Numerical aperturewhich half
the emitted energy is situated. While intensity falls to half at 60◦ from normal, the fraction of
the total energy emitted in the cone defined by said angle is actually 75 %. The half-intensity
angle simply indicates that the majority of the light coming from the source is contained within
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Figure 4.3.4: (a) Linear and (b) polar plots of predicted angular variation of intensity from
LED devices across the field of view, and comparison to a perfect Lambertian emitter.
a ±60◦ arc about the optical axis, which is usually expressed as a half-angle due to assumed
symmetry. The result is of significant importance to the design of the optical system, as it puts
a major constraint on the choice of light-collecting optics.
In addition to limiting the choice of the first (few) lens(es) in the system, a Lambertian
emission profile has another implication. Because of the wide-angle emission, it is actually very
difficult to re-diret light to a focus in general. As it passes through different media (e.g. lenses,
air) light undergoes refraction in accordance to Snell’s Law. It is quite challenging, therefore,
to juxtapose materials with the required gaps in refractive index to redirect light that is being
emitted at the most at 90◦ to the normal, back towards a focal point.
4.4 Numerical aperture and microscope objectives
The main constraint placed on the optical system by a Lambertian source, as was mentioned
in the introduction, concerns the collecting optics. These are the first optical elements that
light encounters after leaving the source, whose function is to ensure the maximum amount of
light makes it into the optical system. The ratio of light (typically measured in units of energy,
power or photons) leaving the collecting optics to the light emitted at the source is known as the
collection efficiency. It usually represents the largest loss in the system, especially for incoherent
sources, and therefore gives an indication of how much effective light the system has to work
with, regardless of how good the source or the rest of the setup may be. Characterising it will
be useful later when formulating an expression for the expected power delivered to a sample.
Working within the context of photo-excitation, the optical system has to perform one prin-
cipal task: gather as much light as possible from the original source, and deliver is as losslessly
as possible to a target at the system’s focal plane. Hence, collection efficiency is of paramount
importance. In terms of optical components, and for incoherent sources in particular, the numer-
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ical aperture (NA) of a lens is the most important characteristic, according to which components
should be selected. Parts such as microscope objectives, which have unusually high values of
NA, are in fact quoted in terms of this attribute.
The numerical aperture of a lens is a measure of the spread of angles at which light can
enter the lens and still be correctly refracted. In a medium of refractive index n, the numerical
aperture of a lens is defined in terms of the angle θ subtended by the entrance pupil in its own
front focal plane:
NA = n sin θ ≈ n D
2f
[4.4.1]
where D is the diameter of the lens and f its focal length, in the second definition which
expresses sin θ in terms of its trigonometric ratio. Note that the ratio of f to D, often denoted
N and known as the f-number’ of the lens, is a specification quoted for every lens as a defining
characteristic. The NA is therefore implicit in N.
In terms of collecting light from a Lambertian source, we note that 90 % of the total light is
emitted in a 60◦ cone, which corresponds to a value of NA = 0.87. The most common diameter
found in scientific-grade lenses is 25 mm, which in turn would require the lens to have a focal
length of ∼ 14 mm in order to collect the entirety of the FWHM coming from the source in air
(where n = 1).
Highly specialised immersion microscope objectives can be found with NA ≥ 1, but those
are designed for microscopy applications and are undesirable in this particular context, simply
because of the presence of the immersion liquid. The latter, usually oil or water, is typically
dropped directly onto the object to form a buffer layer between object and lens, and is held in
position by gravity. It would have been impractical and dangerous to have a vertically-mounted
setup for a system that could potentially emit laser light at any moment, so such objectives
were not considered.
A more traditionally high value of NA found in commercial objectives for use in air is 0.5.
This value corresponds to an angle of θ = 30◦ to the optical axis, or half the angle (60◦) in
which most of the energy is contained. In terms of solid angle, the same NA corresponds to
Ω = 0.27.
To appreciate the impact that NA has on collection, Fig. 4.4.1 compares the collection angles
of three different lenses of identical diameter but varying NA, using values commonly found
in commercial objectives. The figure is not to scale: dimensions (both angles and lengths) are
exaggerated for clarity. The first lens, with NA = 0.50, fully collects within a 30◦ angle. In order
to calculate the fraction of the energy (i.e. the number of photons) contained in the collection
cone of a given lens, we integrate the cosine-dependent intensity distribution function over the
relevant solid angle. Recall that solid angle is defined as a fraction of an area on the surface of
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Figure 4.4.1: Effects of varying numerical aperture in lenses of identical diameter, collecting
light from their focal plane.
a perfect sphere, and that the optical power P and irradiance I are related by
dP = IdS and I = I(θ) = I0 cos θ
and that therefore, for any given surface S, the number of photons present therein is given by
Pθ =
∫∫
S
I(θ) dS . [4.4.2]
where we have chosen to use the subscript θ to denote the half-angle to the optical axis of the
cone of light that defines the solid angle, due to the system being symmetrical about the optical
axis. Hence, for example, P60◦ is the radiant flux inside the cone of light with apex half-angle
θ = 60◦.
Expanding Eqn. [4.4.2] to use the surface’s appropriate differential element in polar coordi-
nates, and explicitly writing out the intensity’s angular dependence, we obtain
Pθ =
∫ 2pi
0
∫ θ′
0
I0 cos θ · sin θdθdφ
and, using double-angle substitutions twice for the θ-dependent terms, we eventually end up
with
Pθ = piI0 sin
2 θ = piI0(NA)
2 . [4.4.3]
Eqn. [4.4.3] implicitly contains the cosine dependence of the intensity distribution, and
therefore allows us to directly compare the radiant flux defined by different numerical apertures.
We do this by comparing Eqns. [4.4.3] and [4.4.1], using the NA of a given lens to define the
light-collecting cone’s half-angle, θ. Note that, due to the only variable being the sin2 θ term,
the collected energy falls off rather rapidly with collection angle, which further highlights the
importance of a high-NA objective.
As a reference for our comparison, we use the full range of emission angles in the positive
z direction, defining a hemispherical region with its apex on the z axis and its base in the
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x − y plane. Taking the ratio of each half-angle’s resulting radiant flux to that of the entire
hemisphere, we end up with the results shown in Table 4.4.1. We additionally look at each
objective’s collected light as a fraction of the light that is present within the famous Lambertian
60◦ half-angle, denoted in the table as “useful light”.
Region Half-angle θ
Fraction of
total energy
Fraction of
useful light
Forward-facing hemisphere 90◦ 1.00 n/a
Lambertian FWHM 60◦ 0.75 1.00
NA = 0.50 30◦ 0.25 0.33
NA = 0.40 24◦ 0.16 0.21
NA = 0.25 14◦ 0.06 0.08
Table 4.4.1: Light and energy collection comparison between multiple numerical apertures
and emitting source.
From the values in Table 4.4.1 it is apparent that imaging light from an LED is an extremely
inefficient process, with most of the losses concentrated at the very beginning of the process,
at the light collection stage. An objective with a relatively high NA of 0.5 collects only 25 %
of total light and 33 % of useful light, while other objectives return progressively worse results.
The NA = 0.25 objective collects less than 10 % of both total and useful light.
In spite of these results, microscope objectives were chosen as a core element of the optical
system, with the understanding that, once LED development yielded devices with sufficient
power output, the entire imaging process could be dispensed with in favour of having polymer
samples directly coupled to the emitters. Table 4.4.2 presents the specifications for a few
standard commercial objectives that were considered. These specifications, all quoted directly
from manufacturer websites or catalogues, include the effective focal length (EFL), working
distance (WD), NA, and magnification (for reference). These objectives were deemed to provide
better chances of collecting light from the highly divergent sources, and less lossy transmission
overall.
Objective Magnification EFL (mm) WD (mm) NA
Linos HR20x 20x 10.0 13.0 0.60
Linos HR10x 10x 20.0 19.0 0.45
Olympus RMS20x 20x 9.0 1.2 0.40
Olympus RMS10x 10x 18.0 10.6 0.25
Mitutoyo G PlanApo 50x 50x 4.0 13.9 0.50
Edmund M PlanApo 50x 50x 4.0 13.0 0.55
Edmund M PlanApo 20x 20x 10.0 20.0 0.42
Table 4.4.2: Principal characteristics of several commercial high-NA, high-WD, infinity-
corrected microscope objectives, as quoted directly by manufacturers. Where applicable,
these objectives are part of the manufacturers’ special “long working distance” ranges of
objectives, and therefore feature unusually large values in that category.
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The effective focal length is quoted due to the multi-component nature of microscope objec-
tives. While the front and back focal lengths are traditionally used to describe components of
non-negligible thickness, it is the EFL, which is the distance from the front and back focal points
to their relative principal planes, that is used in calculations of optical power, magnification,
numerical aperture, etc. Using the EFL allows a microscope objective to be reduced to a single
thin lens with an aperture stop for all intents and purposes during ray tracing analysis.
All the objectives considered above are infinity-corrected, meaning that when used as in-
tended, with an object in their front focal plane, light originating from that object goes through
the objective’s multiple lenses, and leaves the exit pupil as a thick, collimated beam, focussed
at infinity. By design, the beam has a diameter equal to the exit pupil’s. This quantity becomes
important when considering multiple-lens setups aimed at changing the object’s magnification.
The working distance of the objectives is a very important parameter to consider during
component selection. It is defined as the distance between the focal plane of an objective and
the vertex of its first physical optical surface. Microscope objectives typically have extremely
short WDs as they are designed to be mounted and used as close to the object as desired, as long
as an image is correctly formed on the observer’s eye. In any other context, this characteristic
may cause problems related to the physical distance between actual components. For example,
the enclosure, mount or support for the light source that light is being collected from may
protrude to such an extent that the objective may not physically reach the required distance for
optimal operation. Therefore, it is important to have as long a WD as possible. The objectives
in Table 4.4.2 were therefore selected for comparison after an initial WD-based screening.
Due to its combination of desirable characteristics and price, the Linos HR20X was chosen
over the other objectives. Its working distance is unusually long for a microscope objective, and
the extraordinarily wide diameter of the entrance pupil would maximise light collection from
a source as divergent as an LED. This objective could be used both back-to-front and front-
to-back in order to focus or collect light, respectively. The other objectives presented small
entrance pupils or impractical working distances for the application, except for the extremely
expensive Edmund ones.
4.5 Effects of emitter size on the optical system
4.5.1 Finite source size
We choose to analyse the system from a geometrical ray optics point of view, in order to gauge
its performance and predict where most of the losses will occur, so as to compensate for them.
Treating the system in such a way raises a few points that need to be addressed in the design
process.
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One of the defining characteristics of any given optical system is the type of light source(s)
present. In this ray optics approach, a single light source is responsible for all rays in the
system, and rays only propagate from the source through the optical system to the image plane
(left to right in illustrations). Whenever they are reflected or absorbed, that loss is taken into
consideration, but the further trajectory of the rays after reflection is ignored.
In most cases, ray optics problems are set up using a point source and a system of thin
lenses. These two approximations imply that the source is infinitesimally small, with all rays
originating from a single point, and that all lenses in the system are treated as a single surface,
ignoring the specific details of how refraction occurs within them. In other words, as far as the
approximation is concerned, light is only refracted once as it passes through a lens.
Most of ray tracing theory is formulated around these two assumptions, which greatly simplify
calculations involving the propagation of rays through the system. One of the properties of a
point source, for example, is that any rays originating from it while it is in the front focal plane
of a lens will exit the lens parallel to the optical axis. If the source is off-axis, then the rays will
emerge from the lens at an angle, while still all being parallel to each other.
f1 f2 
η 
f1 
Figure 4.5.1: Imaging of a point source (blue) in the front focal plane compard to a finite-
sized source (red, green and blue). Note that all rays arriving parallel to the axis go through
the front focal point of the first lens. In case of the finite source, not all rays necessarily reach
the next optic, as they emerge from the previous one at a range of angles.
In our system, however, the light source is both of finite size, and incoherent. A finite size
source is considered such when its size is at least an order of magnitude above the typical
wavelength of light. In case of the micro-LED devices described in Chapter 3, each individual
emitter is up to a few tens of microns in size, and each device contains several micro-emitters,
easily qualifying them as a “large” light source.
Finite-size sources are treated sightly differently than point ones. The light source takes
the role of the object in an imaging system, being the location where all rays originate from.
Every point in the source is considered a point source, meaning there are an infinity of point
sources generating rays, all of which are entering the system at slightly different angles. These
rays, as shown in Fig. 4.5.1, are refracted by whatever lens they encounter as though they were
individual point sources, and do not necessarily follow through the rest of the system if their
lateral position is too far from the optical axis, on which all lenses are centered.
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4.5.2 Emitter crosstalk
In addition to the layered device problem described in Section 4.3, it is worth noting that
the size of the emitters warrants certain considerations in relation to their proximity and the
system’s associated detection capabilities. This is particularly relevant to the operation of fully
integrated devices, with polymer layers spin-coated directly on top of their driving components.
Because of the multi-layer nature of the LEDs, light leaving the MQW region must travel
through several layers with differing refractive indices before leaving the device. Refraction
at each boundary will cause the (isotropic) emission from the diodes to increase its angular
spread as it travels through the device, resulting in a larger spot being observed on the sapphire
cover, as illustrated in Fig. 4.5.2. For example, assuming a device thickness of a few hundred
microns and using basic geometrical arguments, the spot size from a ∅ = 72 µm emitter can be
estimated to be between 100− 150 µm at the device’s surface.
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Figure 4.5.2: Schematic rendition of the effects of refraction at the GaN-sapphire interface
as light leaves an LED. The higher RI in the sapphire results in the perceived emission area
being wider than it actually is.
When dealing with up to a few well-spaced emitters, this widening only affects the system’s
magnification ability and losses. More significant issues begin occurring when using rows or
clusters of densely-packed emitters. Using the same array as in the example above, the wider
surface spot’s size is crucially larger than the centre-to-centre distance σ between neighbouring
emitters (100 µm).
This situation may lead to crosstalk between LEDs, with light from one emitter “bleeding” into
adjacent ones as shown in Fig. 4.5.3. Crosstalk may or may not be a limiting factor depending
on the way the arrays are being used. In a laser pumping context, the worst effect would be a
change in uniformity across the emission area, which would lead to a non-uniform pump spot.
This isn’t however an issue, as using multiple discrete emitters to pump a gain medium would
require homogenising the LED emission anyway, e.g. by setting up Ko¨hler illumination.
In a patterned illumination context, such as any application requiring precision imaging of
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Figure 4.5.3: Wide-angle emission amplified by refractive phenomena, resulting in crosstalk
between neighbouring emitters in an LED array.
individual emitters, crosstalk has minimal impact. Take as an example the situation in which
an entire row of LEDs activated in an n × n grid device; each successive row is activated in its
entirety in order to scan a line across the surface being sensed. Such a system relies on the
detecting optics being able to pick out individual lines and make a measurement relative to
their position. In spite of emitters bleeding into each other, this problem can be quickly solved
by having imaging optics focus on the emitters directly, rather than the device surface, thus
eliminating light from their neighbours.
In the case of VLC or even fibre-based communications, as suggested in Chapter 1, crosstalk
severely hinders the ability to multiplex a signal down a given data channel. Doing so, especially
with a polymer layer in place, would be almost impossible even with precise imaging of the
light source onto the receiver, due to the inability to distinguish which “patch” of light from
the polymer is pumped by which underlying emitter, unless an additional level of multiplexing
(time- or wavelength-division) was applied.
4.6 Single-lens imaging basics
Before fully describing the imaging setups used, we review single-lens imaging principles. Such
a configuration was not actually used in any experiments, but is discussed here to illustrate
certain points about the imaging process, and to serve as a reference for comparison when
discussing more complex setups.
The purpose of the optics in a photo-pumping setup is to gather as much light from a source
and deliver it as losslessly as possible to a target. This is akin to imaging the pump source
(which acts as the object) onto the target sample placed in the system’s front focal plane.
However, it is also different in that every photon matters from an energy perspective. Certain
provisions have to be made to ensure maximum throughput in the system, which require a
slightly different approach from simple imaging, in the sense that it is not sufficient to form an
image of the source with a certain degree of sharpness; instead, the image needs to be formed
by preserving as many photons as possible.
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4.6.1 Principal and marginal rays
Two important rays that are used to characterise an optical system are the principal or chief
ray, and the marginal ray. The former originates at the edge of the object and passes through
the centre of the system’s entrance pupil. Propagating it through the system will cause it, by
definition, to also pass through the centre of the system’s exit pupil, and terminate at the edge
of the image, thus defining the size of the image at the image plane. Any quantities associated
with the principal ray are usually represented with barred symbols. For example, height from
the optical axis and angle to the optical axis are respectively denoted h¯ and u¯.
The marginal ray, conversely, originates on axis at the object plane and just touches the edge
of the system’s entrance pupil, giving a measure of the maximum amount of light to make it
through the aperture stop. It also clips the edge of the exit pupil, and terminates on axis at
the image plane, therefore defining the position of the image plane along the axis. Quantities
associated with the marginal ray are written normally, without distinguishing marks, e.g. h and
u.
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Figure 4.6.1: The two most important rays used in characterising an optical system: the
principal ray and marginal ray, denoted u¯ and u, respectively.
Fig. 4.6.1 shows both the principal and marginal rays for a simple system containing a single
lens of focal lenght f and an aperture stop, acting as the entrance or exit pupil depending on
which end the system is viewed from. The two rays, together, give all the information needed to
fully characterise the system. The marginal ray’s intersection with the optical axis defines the
location of the image plane z′, and the principal ray’s intersection with the image plane defines
the image size η′. More specifically, the marginal ray contains information about the size of the
bundle of rays that makes it thorugh to the image from the object, and is associated with the
energy flow through the lens. The principal ray, on the other hand, is determined by the size of
the object. It is important to note that every point in the object has its own principal ray, as
there is a ray for every point in the object passing through the centre of the stop. However, the
one that is referred to as the system’s principal ray is the one originating from the very edge of
the object.
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4.6.2 Lagrange invariant
A quantity to always keep in mind when designing an optical system is the Lagrange invariant,
which is a powerful tool used in ray tracing analysis. Usually denoted H, it is defined using the
heights and angles of the principal and marginal ray as:
H = n(uy¯ − u¯y) = n′(u′y¯′ − u¯′y′) [4.6.1]
where u and y denote the angle to the axis and height above the axis of the rays at a given
interface. The symbol y is used because the xyz coordinate system has the optical axis pointing
in the z direction, and the xy plane intersecting it with the x direction pointing out of the page.
At the object and image planes, where y = 0, y¯ = η, y′ = 0 and y¯′ = η′, we have that:
H = nuη = n′u′η′ [4.6.2]
which as a quantity ties together the refractive index, the ray angle from the axial object point
and the object height. Its value does not change between object and image space. When
propagating a ray through a system, the image space of each surface becomes the object space
for the next surface, until the image plane is reached.
Note the significant restriction imposed by the Lagrange invariant: total light through the
system is an invariant quantity. Recall the discussion on lasing requirements in Chapter 2,
Section 2.5.6. The only way to increase pump spot density is to increase light at the source,
or reduce the surface area of the pump spot in the image plane. Because of the Lagrange
invariant, and the inevitable losses encountered as light propagates through the system, this
means that the LEDs need to be outputting sufficient energy to pump their targets if they were
placed directly at the source, theoretically ignoring all other conditions. The function of the
imaging system in the experimental setup is then to concentrate the energy in a small enough
area to satisfy a material’s energy density pump requirements.
4.6.3 Magnification
One of the important implications of an object such as the multi-emitter LEDs described in
Chapter 3 is that it is never possible to fully image the whole field of view represented by a
line of emitters. For a typical 20× objective, whose field of view is 1 mm across, it becomes
difficult to correctly image grids or clusters of emitters whose size exceeds 1.5 mm in any given
direction. Most of these devices will be far from the optical axis during operation, and thus will
cause loss of light and aberration.
Combinations of lenses can be used to magnify or de-magnify the original light source so
as to obtain a more practical spot. This process is subject to limitations imposed by the
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characteristics of the lenses as well as the light source. As had already been discussed, the
divergence of the LEDs is an important problem. Rays emitted at wide angles to the optical axis
need to be redirected in towards a focus; using certain lenses rather than others ensures that
the resulting angles at every optical surface are such that intra-system losses are minimised.
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Figure 4.6.2: Conjugate distances for a single thin lens in air. Object is 2f away from the
lens, resulting in an image at 2f on the other side, at M = −1 magnification.
As shown in Fig. 4.6.2, a single lens in air (n = n′ = 1) of focal length f placed at a distance
l from an object of size η forms an image η′ at a distance l′ in image space, determined by the
conjugate distance lens equation:
1
l′
− 1
l
=
1
f
[4.6.3]
Note the minus sign on the left hand side of the expression, which is due to all distances being
measured from the lens, and being positive to the right of the lens, as per convention.
The lateral magnification M of the system is simply given by the ratio of image to object
size:
M =
η′
η
[4.6.4]
In Fig. 4.6.2, the object is an integer number of focal lengths away from the lens, l = −2f .
Expressing the object distance in terms of the focal lengths within Eqn. [4.6.3] yields an image
distance that is also a multipe of f . This is a useful way of thinking when comparing the
multiple configurations of a single lens, as it simplifies calculations relating to ray propagation,
making it easier to find quantities such as the magnification. Applying Eqn. [4.6.3] in this case
shows that the image is created at a distance of l′ = 2f on the other side of the lens. Ray
tracing analysis can then be used to find the image height, and hence the system magnification.
For an object of height η, we rearrange the Lagrange invariant [4.6.2] to find the ratio η′/η.
We also note that, thanks to the paraxial approximation, and to similar triangles delimitated
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by the obect and image positions and marginal ray angle, these quantities are all related by
tanu ≈ u = y
l
u′ =
y
l′
[4.6.5]
where y is the height of the marginal ray in the plane of the lens. As such we end up with
η′
η
=
nu
n′u′
=
nl′
n′l
. [4.6.6]
Finally, since n′ = n = 1 in air, we have that
M =
l′
l
. [4.6.7]
Because we expressed the object and image distances in terms of the focal length, Eqn. [4.6.7]
becomes trivial to calculate. In this particular case, we already know that the two distances are
numerically identical, so their ratio is:
M =
η′
η
=
l′
l
=
2f
−2f = −1 [4.6.8]
Hence, an object at two focal lengths from a single lens yields an upside-down image at the
same distance on the other side of the lens.
In terms of imaging a divergent light source, this setup provides very rudimentary control
over the spot. Adjustment of the system magnification is achieved through moving the object
(or lens) back and forth until the desired ratio between l and l′ is obtained. When coupled
with LEDs, the object distances required (through Eqn. [4.6.3]) to attain certain magnifications
may be such that the highly-divergent emission is simply not collected by the lens. As such, a
one-lens setup is inadequate for carrying sufficient light from an LED source to a target in order
to attempt laser pumping. More lenses are needed to achieve desired results.
4.7 Light delivery system configurations
In this section we explore the various stages of development of the optical systems used with
micro-LED sources to deliver light to polymer samples, both for laser pumping and other ap-
plications. The simplicity of these systems is a deliberate choice, which stems from energy
conservation arguments. It would have been possible to employ more complex setups, but the
cost in lost energy at the focal plane would have been too high. Some of the more complex
options are still mentioned for the sake of comparison and completeness.
All of the setups presented herein were tested lens-by-lens with an energy meter and one
focussing lens, so as to optimise the throughput. Spot sizes and geometries were also examined
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where possible. Some setups were only tested using certain light sources, as their implementation
stemmed from constraints placed by the light sources themselves, and would not have taken
place otherwise.
4.7.1 Two-lens imaging
Having exposed the inadequacies of a single lens, we logically increase the system complexity
by adding a second lens into the setup. Two lenses can be used in conjunction with each other
in different ways, which address some of the issues outlined in the previous section.
In case of a good enough light source, two lenses can be set up to form a 1:1 imaging system
as shown in Fig. 4.7.1 for two microscope objectives. This system is similar to the simple 1-lens
setup with the object at −2f , with the key differences that the object is closer to the lens and
that there is no further loss of light when moving the lenses away from each other. The first
lens f1 is placed such that the object is in its front focal plane, and acts as a collecting lens,
redirecting as much light as possible from the source and collimating it. Once collimated, that
light can be focussed down by introducing a second lens f2 at a distance from the first. Note
that this distance can not be chosen freely when dealing with a finite-sized source, because
rays originating from off-axis emerge from the first lens at an angle and parallel to each other.
Hence, the second lens must be placed close enough to the first, so as to prevent off-axis rays
from missing it altogether.
Object 
(LED) 
1:1 image 
(pump spot) 
Objective 1 Objective 2 
On-axis point 
Off-axis point 
Vignetting 
Figure 4.7.1: Sample two-lens imaging system using microscope objectives with f1 = f2,
resulting in a 1 : 1 image at the other end. Note the off-axis rays from the object coming at
an angle, limiting the distance from the first lens at which the second one may be placed.
Because of the particular case represented by this system, where the image from the first lens
is at infinity, the normal rules governing combination of several lenses do not apply. The system
simply creates a collimated beam from the source (or, more precisely, a series of collimated
beams because of the finite-sized object) then re-focusses it down using the second lens. As
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such, the combined magnification of the system is given by the ratio of the focal lengths:
M = −f2
f1
[4.7.1]
The main limitation of this setup is the potential for vignetting, which is a direct consequence
of the large object size. For this type of object, unlike a point source, each point in the object
produces a collimated bundle of rays emerging from the collecting lens at different angles to
the optical axis. Hence, the diameter of the second lens dictates how far away from the first it
should be placed in order to limit loss. It may be the case that the rays are so divergent that
no lens would be wide enough to collect the entirety of the emission. In Fig. 4.7.1, potential
vignetting is pointed out at the second objective’s aperture stop.
The other, perhaps more important limiting factor is the complete absence of control over
the spot size, by any means other than the substitution of the second lens. In order to de-
magnify the source, which is the desired outcome in the majority of cases, the second lens
needs to be of a shorter focal length than the first. This is difficult to achieve because the first
lens still needs all of the characteristics of a good collecting lens. As was highlighted earlier in
Section 4.4, the principal quality that makes a good collecting lens is a high numerical aperture.
Because the magnification can essentially be reduced to a ratio of numerical apertures, such
that M = −NA2/NA1, the second lens would have to be an even better “collecting” lens than
the first in order to achieve any kind of de-magnification.
4.7.2 Three-lens pupil relay configuration
In order to counter the issue of a finite-sized source producing divergent bundles of parallel
beams, a slightly unorthodox approach is to set up a three-lens system, with the additional
lens acting as a sort of “pupil relay” by imaging the exit pupil of the first objective onto the
entrance pupil of the other. The middle lens is not placed at or around an intermediate image,
but simply redirects any divergent light towards the focussing lens.
A sample setup is shown in Fig. 4.7.2. A third lens of focal length f1 is introduced in the
middle of the two-lens system described above, ensuring that the two objectives are both further
away than its focal length. This results in the first objective’s exit pupil being imaged onto the
second objective’s entrance one according to the single-lens imaging principles described above
in Section 4.6.
By choosing a larger-diameter optic as the central lens, light can be redirected into the rear
aperture of the focussing objective. Adjusting the relay lens’ position changes the magnification:
the closer to the second objective, the smaller the image. This is not the most elegant of
solutions, but it does minimize the number of lenses used in the system, thus preserving as
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Objective 1 Ojective 2 Pupil relay 
Image 
(pump spot) 
Vignetting 
Corrected 
vignetting 
f f f1 
Object 
(LED) 
Figure 4.7.2: Three-lens imaging setup with a pupil relay lens image. The relay lens images
the first objective’s exit pupil onto the second objective’s entrance one, affecting overall light
throughput and magnification.
much energy as possible, while creating a small, homogeneous spot in the focal plane.
In addition to moving the relay lens, magnification can also be further adjusted by moving the
object in and out of the collecting objective’s focal plane. This effectively forces the objective
to operate outside of its design parameters and conjugate planes, and would generally not
be advisable in an imaging context. However, because the only important quantity in this
situation is the energy density of the pump spot, it may be worth introducing aberrations into
the system in order to permit a higher number of photons to pass through to the focal plane.
In this configuration, the object would be moved slightly inside the collecting objective’s focal
length, resulting in light diverging from the objective’s exit pupil. The relay lens would then
almost act as a field lens, redirecting stray rays towards the second objective, and forming an
(aberrated) image in the focal plane.
Using two 20× objectives and an f = 35 mm field lens, the setup was found to offer a
magnification of up to 0.65 while retaining as much of the emitted light as possible. Said
magnification was calculated by directly measuring the pump spot size at the focal plane using
a beam profiler, and comparing it to the known size of the emitter, rather than estimating it by
propagating a series of beams through the setup using a ray optics approach and the thin lens
approximation. Smaller magnifications were measured, but at the cost of a significant fraction
of the energy, resulting in the energy density falling off too rapidly. This particular setup was
used for a large part of the work described in Chapter 5 in particular, as it allowed to de-magnify
the spot by a factor of almost 2 while minimising the number of lenses in the system, providing
minimal absorption or reflection losses.
The system was optimised by trial and error for two different quantities. First, the object
was placed in the front focal plane of the collecting objective, ensuring “correct” usage of the
microscope optic, and the relay lens’ position was adjusted so as to obtain the smallest possible
spot size. Referring back to Eqn. [2.5.1], this is equivalent to minimising S in order to maximise
E . The second optimisation was performed by fine-tuning the LED’s position around the front
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focal plane of the collecting lens, effectively bringing it out of focus for the sake of allowing
more light through the objective. In spite of emerging at unpractical angles, the relay lens
would ensure that a larger percentage of such light would reach the second objective, thus
increasing the overall throughput of the system. All these measurements were carried out using
a Generation IV 33× 12 pixel (1000× 360 µm) emitter as the source.
Optimisation Spot size (µm) Energy/pulse (nJ) E(µJ/cm2)
Min Spot Size 595× 240 0.61 0.42
Max Energy 630× 250 1.54 0.98
Table 4.7.1: Optimisation of energy density for a three-lens imaging system. Optimising
for energy rather than spot size results in a marginally larger spot, but more than double the
energy.
Measurements of the spot’s energy-per-pulse and size in the focal plane, using this particular
imaging setup and a simple energy meter and beam profiler, are summarised in Table 4.7.1.
From the reported values of E , it is apparent that optimising for spot size first is not as efficient
as maximising the energy first, then reducing the spot using only the last two lenses. These
results highlight the importance of using a microscope objective as intended, with the object
in its focal plane rather than outside it. Optimising for energy allows for a 630× 250 µm spot
(a magnification of almost 0.5) which is only marginally larger than the area obtained when
optimising for the spot size itself. On the other hand, the second method results in more than
twice the energy from the source making it through to the focal plane, ultimately resulting in
a much higher energy density.
4.7.3 Four-lens telescope configuration
With the development of newer, larger LED devices late in the project, it was found that the
three-lens system of Section 4.7.2 was not performing as well as for older emitters. Hence, an
additional lens was added to the existing setup, introducing a further reduction in energy due
to reflection losses, in an effort to increase the overall throughput. This type of system was
avoided with previous generations of emitters precisely because of the reluctance to add further
optical elements to a system whose goal was the maximum transmission of energy.
The four-lens telescope setup is illustrated in Fig. 4.7.3. The idea of the setup is to use
high-NA microscope objectives for collecting and focussing, while handling all magnification or
other spot alteration with the two central lenses. This particular architecture is beneficial for
multiple reasons. Firstly, the system’s front and rear focal planes are always coincident with
the focal planes of the microscope objectives, which are one working distance away from each
respective optic. Fixing the focal planes means the setup does not need to be realigned every
time the magnification is changed, as was the case for the one-, two-, and three-lens ideas.
90
Objective 1 Objective 2 Telescope 
f f f1 f2 
Possible 
field lens 
Image 
(pump spot) 
Vignetting 
Corrected 
vignetting 
Object 
(LED) 
Figure 4.7.3: Four-lens imaging setup with a simple afocal telescope assembly. The object
and image planes are fixed in space at the system extremities, and the magnification itself is
determined by the ratio f1/f2. The length of the system is also only dependent on those two
focal lengths, which minimises losses from divergent angles.
Secondly, by using identical lenses for collection and focussing, the magnification of the
system is controlled only by the relationship between the two central lenses. The configuration
as a whole effectively acts as a pair of two-lens systems back to back. As such, the total
magnification is given by M1 ×M2, where M1 and M2 are the magnifications of each two-lens
segment. From Section 4.7.1, the magnifications are:
M1 =
f1
f0
[4.7.2]
M2 =
f0
f2
[4.7.3]
with f0 being the focal length of both microscope objectives. The product yielding the overall
magnification of the four-lens system, therefore, is
M =
f1
f2
. [4.7.4]
Note that this ratio is the inverse of what it would be for a simple 2-lens telescope. The
shorter lens is placed before the longer one, which means that for M < 1 there is a wider
bundle of beams between the third and fourth lenses than there is between the first and second,
contrarily to what is shown in Fig. 4.7.3. Given the way the telescope works, an intermediate
image is formed at a distance of f1 from the first lens and f2 from the second. It is therefore
possible to place a field lens at that location in order to further improve transmission. This
time, unlike in the setup described in Section 4.7.2, the optic would actually act as a proper
field lens, not greatly influencing the direction of rays closer to the optical axis.
To compare system performance with the previous iteration, f1 and f2 were chosen so as to
give M = 0.5. The same Generation IV 1 mm cluster emitter was used to gauge the energy-per-
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pulse and energy density at the focal plane. These measurements are reported in Table 4.7.2,
together with results from previous similar measurements for comparison.
System Spot size (µm) Energy/pulse (nJ) E(µJ/cm2)
2-lens 1000× 360 1.02 0.28
3-lens 630× 250 1.54 0.98
4-lens 490× 195 1.05 1.35
Table 4.7.2: Best spot sizes, pulse energies and energy densities recorded in the focal plane
for two-, three- and four-lens imaging systems. Note that the highest energy-per-pulse was
measured for a three-lens setup, but it was the four-lens one that yielded the higher E due to
superior control over the spot size and fewer losses stemming from better design.
These values can be considerd the best result for each system, showing each configuration
operating at its peak performance. As expected the three-lens setup allows more light through to
the focal plane thanks to the mild defocussing of the emitter. However, the superior control over
the spot dimensions offered by the four-lens system results in a higher energy density, making
it the better overall choice. It is also worth noting that a four-lens setup is not necessary for
the smaller emitters used earlier in the project. The newer, larger emitters are what spurred
the addition of a fourth lens to a functioning setup.
4.7.4 Objective spectral response
Referring back to Chapter 3, a final note regarding the general spectral characteristics of the
arrays must be made. Most devices are designed to emit in the 400 − 410 nm range, with
others having peaks as low as 380 nm or as high as 450 nm. Commercial optical components
are generally fabricated in such a way to be tailored to work in the visible, UV or near- and
far-IR parts of the spectrum, with a certain degree of overlap in some cases. The extremes of
the visible area of the spectrum are broadly found at 400 nm and 700 nm as far as components
are concerned. Due to constraints imposed by the choice of glass, components tailored for the
visible will usually exhibit transmission/absorption/reflection characteristic curves that are as
flat as possible in the middle of the 400− 700 nm range, but tail off heavily towards the edges,
sometimes over a range of ∼ 20 nm.
This poses a significant problem when working with the light sources outlined above, because
their emission occurs at exactly 400 nm or at small intervals thereabout. If a component presents
a sharp rise in its transmission function, such as the one shown in Fig. 4.7.5, then most of the
light coming from an LED device will go through the optical system as intended, with minimal
absorption or reflection losses. If, however, the rise is slower, some devices may be entirely
unusable.
Ultimately, this results in a majority of commercial components being unsuitable for the
purposes of this project. Additional restrictions are placed on ones that do have required
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Figure 4.7.4: Sample transmission curve for a Linos HR20x microscope objective, supplied
by Linos before purchase.
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Figure 4.7.5: Sample transmission curve for a Linos HR20x microscope objective, supplied
by QiOptic after the Linos takeover.
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spectral response, because of their other requirements (e.g. focal length, diameter, etc). Hence,
planning and assembling an optical system to complement these devices is not a trivial task.
4.7.5 Measurements of objective transmission
A spectral measurement was performed using a 405 nm Generation I LED to compare the raw
emission from the device to what was being delivered at the focal plane with all the optics in
place. For the baseline measurement, a singlet lens was used to image the LED onto an energy
meter, whereas the effects of cumulative absorption for the objectives were measured using both
microscope objectives back-to-back, as shown in Fig. 4.7.6a.
Single lens 
Objectives 
Energy meter LED 
(a) (b)
Figure 4.7.6: (a) Imaging systems used to gauge absorption in high-NA microscope objec-
tives and (b) comparison of the emission spectra from a 405 nm LED measured using the two
setups. Note how absorption from the lenses changes the shape of the peak and shifts its
centre.
Results of the comparison are shown in Fig. 4.7.6b. The entire emission peak appears to be
shifted 10 nm towards the red because of absorption by the lenses. Note, however, that both
peaks are normalised, resulting in the shift being more noticeable. This effect was unfortunately
unavoidable due to the transmission properties of most commercially available components
Following conflicting data provided by the manufacturers of the microscope objectives re-
garding the wavelength-dependent transmission characteristics of their optics, as well as energy
measurements performed before and after the optical setup, a brief examination was conducted
to determine the wavelength response of the two microscope objectives used.
Because the objectives were too large to be mounted into a commercial spectrometer, mea-
surements were taken using an individual f = 50 mm singlet lens to focus down light from an
LED to a spot smaller than the active area of the detector. Direct energy measurements were
then compared to ones taken with each objective interposed between the lens and the spot, such
that the rear aperture of the objective was only partially filled. Their ratio would give the best
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possible approximation to the real value of transmission, in the absence of a plane wavefront,
which would have made the measurements more accurate.
(a) (b)
Figure 4.7.7: Transmission of the microscope objectives used in imaging, measured using
the same light sources being imaged, namely (a) a 410 nm LED and (b) a 450 nm one.
Fig. 4.7.7 shows the results of these measurements. Due to the light sources used (a Gener-
ation II 450 nm cluster LED in one case, and a Generation III 410 nm one in the other) these
measurements are very much tied to the emission spectra of these two devices, meaning that
the calculated values of transmission are only valid over the wavelength intervals delimited by
their emission peaks.
Transmission in both cases, ranging between 20 % at worst and 80 % at best, is lower than
what was initially advertised, but consistent with measurements of energy made at the entrance
and exit of the optical system. For comparison, the transmission characteristics advertised by
the manufacturer at the time of purchase are shown in Fig. 4.7.4, and can be clearly seen to be
greater than 90 % at the LEDs’ operating wavelengths.
The two plots suggest that actual performance is indeed not as high as expected. While the
objectives still have a transmittance of around 0.8 at the longer of the two operating wavelenghts,
they only exhibit half as much at the shorter one.
4.8 Complete experimental setups
Taking all of those elements into consideration, both ones relating to the delivery systems and
detection optics, we arrive at the final form of these optical setups. The only variable at this
point is the type of sample used, which also influences the type of measurement.
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4.8.1 Single-axis setup
The more common type of sample featured etched gratings on transparent substrates, implying
that detection and measurement could happen through the sample, thus allowing a transmission-
based configuration of the optical system. At various stages of the project, both three- and
four-lens light delivery systems were used, depending on circumstance. Such a setup is shown
in Fig. 4.8.1 with a four-lens delivery system.
LED 
Liquid 
light guide 
Light delivery optics 
Polymer sample 
on xyz mount 
Spectrometer 
CCD (alignment) 
Figure 4.8.1: Optical setup used in laser pumping experiments with transparent substrate
polymer samples. The light delivery system is fixed, while the sample has xyz and rotational
freedom about the y-axis. A CCD camera provides a magnified real-time image of the sample
plane to assist alignment. The detector and associated optics (polarizer and imaging lens
shown) rotate independently of the sample, and are able to measure in a wide arc around it.
The sample is mounted on a rotating xyz stage, which offers two advantages. Firstly, it can
be easily rotated in order to cause pump light to be incident at a desired angle, seeing as the
emitter and delivery system are fixed in place. Secondly, control over its xyz translation makes
it possible to hit specific areas of the sample. If one area becomes overexposed and loses its
photoluminescent properties, the pump spot can simply be moved to another area rather than
switching to another sample.
Alignment of the sample in the path of the pump spot is facilitated by an on-axis camera,
which displays a magnified image of the sample plane. Thanks to visual feedback provided by
the CCD, it is possible to use actuators to adjust the position of the sample relative to the pump
spot.
A detector (be it a spectrometer, energy meter, second CCD or other) and other associated
optical elements such as polarizers, imaging lenses or dichroic filters are all mounted along a
secondary axis, which pivots independently of the sample’s rotation. Once the system is aligned
to a particular beam height, the sample can be minutely adjusted to select the precise region
to pump, without changing the overall alignment. The pivoting detector is then used to scan
around the sample for any emission.
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As with all other configurations, a computer controls all of the detectors and, in case of the
CMOS-driven array, the LEDs themselves. This configuration was used for the majority of the
work described in Chapters 5 and 6.
4.8.2 Double-axis setup
Later in the project, when resonators became available and attempts were made at laser pump-
ing, the single-axis setup shown above required a small modification in order to better suit the
measurement process. The modified setup, which we will refer to as a double-axis setup, is
shown in Fig. 4.8.2.
CCD (alignment) 
Liquid 
light guide 
Light delivery optics 
Polymer sample 
on grating 
Polarizer/filter 
(optional) 
Spectrometer 
LED 
Figure 4.8.2: Optical setup used in laser pumping experiments with transparent substrate
samples. Very similar to the single-axis setup, the only difference being the detection optics,
which can move independently from the alignment ones, and do not need to be hot-swapped.
The setup is functionally identical to the one in Fig. 4.8.1, the only difference being that
the detector and associated optics can now rotate freely, and independently of the sample’s
rotation. As a minor aside, this also means that alignment optics on the first axis can be used
at the same time as measurement ones on the second. In both setups, the samples are allowed
to rotate freely so as to change the angle of incicence of pump light onto the gratings. When
operating in reflection, it is paramount to not let back-reflected light from the sample clip the
edge of the delivery optics, affecting the measured signal. In transmission, however, detection
optics are given much more freedom.
In order to allow simultaneous rotation of the sample and detectors, an ideal solution would
have been to use a double goniometer stage with the sample mounted on the common axis of
rotation. This type of stage, illustrated in Fig. 4.8.3, fulfils the exact requirements described
above. Two concentric circular stages share a rotation axis, with the outermost stage having
an extended arm. The sample is mounted on the centre of the innermost stage, while all other
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Shared rotational axis 
Mounting points 
Figure 4.8.3: Schematic of a double goniometer stage, where both the central element and
outer arm are allowed to rotate independently of each other. Mounting detectors on the arm
allows for 360◦ measurement around a sample placed in the middle of the circular stage.
optics go on the arm. Thus, the sample and optics can be rotated independently of each other.
LED xyz 
stage 
Delivery 
optics 
Sample xyz 
and rotation 
Detector and 
associated optics 
Optical rail 
Re-emission Pump light 
Figure 4.8.4: Schematic of parallel rail optical setup used to emulate the functionality of
a double goniometer, in order to obtain a double-axis setup. Everything on the upper rail is
fixed; the sample has micro-xyz and rotational freedom to provide alignment and targeted
pumping. The lower rail features a detector and all associated optics. These are mounted on
a single pivoting rail, which can translate freely, resulting in the detector being able to cover
a large arc around the sample.
Such behaviour was best approximated as shown in Fig. 4.8.4, using a parallel rail type of
setup. Here, delivery and detection occur on two separate axes. All the optics relating to one of
the two functions are mounted on a separate optical rail. The delivery system is fixed in place,
with the exception of the sample being given the freedom to rotate. The detector and relevant
optics are alowed to translate in a direction parallel to the delivery axis, and rotate about a
secondary axis thanks to a separate stage. This arrangement allows the detectors to cover a
90− 120◦ arc of possible emission from the sample.
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4.8.3 Detection optics
In addition to the delivery system, whose design challenges have been discussed so far, it is also
worth examining the optics on the other side of the target. The delivery system’s focal plane
can be though of as the break point in the system, where two independent halves are joined up.
All components appearing before the focal plane work in unison to deliver light to a sample,
whereas all components situated after this plane are tasked with facilitating measurement.
In order to appreciate some of the considerations made here, it is necessary to reference the
discussion in Chapter 2, specifically Section 2.3, which expands on the design, requirements
and significance of laser resonator cavities used in conjunction with organic polymers. The key
points to take from that discussion concern the nature of the light emerging from a polymer thin
film laser with a distributed feedback (DFB) grating structure. Such light is typically emitted
in a fan shape perpendicular to the plane of the resonator, and is linearly polarised in the
same plane. When lasing is not achieved, pumping a photoluminescent polymer at the correct
wavelength still results in fluorescence. This emission is isotropic, and only minimally influenced
by the presence of a laser resonator. It is therefore harder to detect with a fixed instrumen, as
the bulk of the light is not concentrated in any particular direction.
The key guidelines for detection are therefore as follows. Firstly, because of the isotropic
fluorescence, it would be advantageous to re-image the sample onto whichever detector is being
used. Re-imaging would capture a larger proportion of the light and allow it to pass through
the often narrow apertures found in photodetectors, beam profilers, energy meters, etc. Using
similar arguments to those presented in Section 4.4 and Fig. 4.4.1 it should be apparent that
the further a detector is from the polymer target, the less light it will actually collect.
Secondly, the polarised nature of the laser emission actually provides a very practical, abso-
lute way of determining whether lasing has been achieved. Including a rotating linear polarizer
in the setup allows the user to quickly rotate the polarizer through 180◦ to check whether one
of the angles has a significantly stronger transmitted intensity, given that the intensity should
be varying according to I = I0 cos
2 θ, where I0 is the intensity before the polarizer and θ the
angle between the light’s initial polarisation and the polarizer’s axis.
A drawback of using a polarizer is of course that a large proportion of incoming light is
either absorbed (for an absorbing polarizer) or refracted (for a beamsplitting one) resulting in
the attenuation of what is already expected to be a weak signal from the polymer sample. In
spite of the weaker signal, if lasing were achieved, its identification would be immediate.
Thirdly, one must remember that DFB gratings need to be pumped at an angle, and that
the angle does not have a unique, absolute value because of both the quality of the grating
and the fact that incoherent light is being used to pump. At any given time, only a fraction
of the light emitted and re-imaged from an LED source is hitting the sample within the correct
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range of angles to provide optical feedback. The sample must therefore be placed on a rotating
mount, in order to scan for the angle at which the maximum number of photons is confined in
the cavity.
4.8.4 Direct coupling of light sources to target samples
Over the various iterations of LED device development, the energy emitted by each device was
increased due to refinements in the manufacturing and design processes, which sometimes called
for a change in emitter geometry. Because of the very low transmission efficiencies recorded for
later generations of devices, whose architecture caused significant issues due to increasing size,
measurements were conducted to test the emitters’ viability without any imaging system at all,
by coupling them to samples directly as was originally intended in the project’s concept work.
As we saw when discussing lasing requirements in Chapter 2, raw energy from the pump
source alone is not sufficient to incite lasing in a gain medium. It is a matter of achieving a
high energy density from the pump, which requires either a higher output energy, or a smaller
pump spot size. The main issue with coupling emitters directly to their targets was that, while
their output energy was theoretically sufficient to overcome lasing thresholds, their area was far
too large to obtain the necessary energy density.
The devices were tested nonetheless; direct coupling would then be kept as a last-resort op-
tion in case system transmission could not be improved by other means. Improvements could
certainly have been made to the optics to accommodate the very large (≥ 2 mm) emitters,
but the setups available at the time resulted in too much loss of light due to the high diver-
gence combined with their large dimensions. The size itself forced consideration of the system
limitations due to lens aberrations as well, which up to then had not been necessary.
The energy-per-pulse was measured directly at the source for several emitters in a Generation
IV stripe cluster device (see Chapter 3, Section 3.6.4) and the energy density calculated using
the emitters’ area, which also acted as the spot size due to direct coupling. Fig. 4.8.5 shows the
optical energy output characteristics for all four working emitters in a later-generation 450 nm
LED array, labelled A, B, C and D, as a function of the input voltage on the diode driver which,
as explained in Chapter 3, takes a high input voltage and outputs a short current pulse.
While promising, the energy output values in Fig. 4.8.5 must be scaled by their relative
emitter areas in order to obtain the energy density, which is the useful value in this context.
Both the raw output energy and the energy density for all four emitters in the array are reported
in Table 4.8.1.
The measurements show that the two best emitters are not necessarily the ones with the
highest output. In fact, it is the two lowest-output emitters that have the highest energy
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Figure 4.8.5: Energy-per-pulse recorded directly at the source for 450 nm LED stripe array.
Emitter (pixels) Area ( cm2)
Energy per
pulse (nJ)
Energy density
( µJ/cm2)
A (33× 12) 3.96× 10−3 10.02 2.53
B (99× 12) 1.19× 10−2 18.17 1.53
C (132× 8) 1.06× 10−2 15.71 1.48
D (66× 8) 5.28× 10−3 14.43 2.73
Table 4.8.1: Comparison of raw energy output as well as energy density at 120 V input
voltage for emitters in a Generation IV 450 nm LED array. Note the energy outputs and
densities are quoted in different units to be consistent with convention.
density. Emitter D has the best density, but a problematic form factor. Chapter 6 features a
more in-depth discussion of laser pumping experiments with these emitters. For now, it should
be noted that the devices emit a certain amount of light, and that a lot of this light is lost in
the imaging process, making the use of direct coupling a possibility.
Exact quantification of light lost through the optical system is beyond the scope of this
document, as it would have required significant time spent designing, coding and maintaining
a complex ray-tracing model to account for loss at each interface due to a variety of factors.
The main loss factor, however, was touched upon in Sections 4.3-4.5 when discussing collection
objectives and their interaction with the emitters.
From the arguments in that section (see especially Table 4.4.1) and considering that LEDs
are highly divergent light sources, it is evident that over half the light coming from the emitters
is lost before even entering the optical system. Subsequent losses through the system only
diminish the amount of energy delivered to the focal plane. Recall, however, that the system is
designed to balance the loss in raw energy with the increase in energy density, which is the key
quantity required for population inversion in polymer emitters.
The loss of energy from an emitter was briefly characterised to underscore the importance of
an imaging system with such a diverging light source. Fig. 4.8.6 shows the energy detected by a
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Figure 4.8.6: Measurements of energy-per-pulse from an LED emitter carried out every
millimetre over a 20 mm interval, starting at z = 0 mm. The sharp decay is due to the wide
divergence of the light source, and highlights the importance of a good imaging system.
10 mm-aperture energy meter on-axis in the first 20 mm in front of an LED. The measurement
gives an idea of the spread of light from the source, given the constant size of the aperture.
Note that the intensity fall-off does not follow an inverse-square law, and is instead much slower.
Such behaviour reinforces the notion that these emitters can not be treated as point sources,
and their departures from point source-like behaviour must be compensated for in the optical
system design.
4.9 Summary
In this chapter, an overview was given of the challenges and solutions pertaining to the design
and setup of an imaging system capable of pumping organic polymer targets using micro-LED
light sources. The highly divergent nature of said light sources was discussed, along with the
associated difficulty in collecting and transmitting light from them and the ways in which it was
tackled. The various imaging systems resulting from the considerations made of the sources
and their intended use were also described.
While each iteration of the imaging system was considered appropriate to the emitters avail-
able at the time, the four-lens telescope configuration is clearly the superior setup for both
high-energy (pumping) and low-energy applications. Its nature allows finer control over the
spot size at the expense of some photons, but the loss of energy is compensated for by an
increase in energy density caused by better de-magnification. In the specific case of later LED
generations, another advantage of the four-lens setup is the ability to cope with larger emitters,
whose light originates relatively far from the optical axis, and therefore requires the additional
telescope element to redirect as much light as possible towards the focal plane.
In a laser pumping context, the best compromise between size and energy density, as well as
102
the highest energy density overall, were recorded using the four-lens setup with Generation IV
LEDs. A 1000 × 360 µm stripe emitter was imaged into a 490 × 195 µm pump spot, thanks to
a telescope system designed with a magnification M = 0.5. The raw energy density recorded
directly at the source, 2.53 µJ/cm2, was imaged to give a 1.05 nJ pulse at the focal plane,
resulting in an energy density of 1.35 µJ/cm2.
In the next two chapters, we shall see how the LEDs and imaging systems were used in both
low-energy and high-energy applications, to perform simple down-conversion of light as well as
optical pumping of organic light-emitting polymers.
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Chapter 5
Low-energy polymer
photo-excitation using CMOS-driven
arrays
5.1 Introduction
In the initial stages of HYPIX, when the full potential of the LED emitters and their effects
on polymer gain media were still relatively unknown, a few early experiments were carried out
using the LED arrays described in the previous chapters at relatively lower energies, and not in
a lasing context. The aim of these experiments was to to observe the overall system operating
as a unit, so that further development of either the optics, electronics or organics could be
prioritised.
This chapter aims to introduce the arrays, the imaging and the polymers as a complete
package, with all the elements that were introduced up to this point working together. The
material covered here strictly relates to the CMOS-driven variety of LEDs (Chapter 3, Section
3.4.1) which was used towards the beginning of the project. In the second half of the chap-
ter, following initial characterisation results, we present early proof-of-work concept work for
secondary applications that the arrays were considered for, before it was decided to fully focus
development on the lasing aspect of the project.
5.2 Generation I LEDs: CMOS-driven micro-disc array
The very first set of experiments was performed using CMOS-driven micro-disc LEDs arranged
in a regular grid pattern. This device, referred to in Chapter 3, Section 3.6.1 as “Generation I”,
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was originally a 16×16 emitter array, in which only every other emitter was bonded, resulting in
an 8× 8 layout with an approximately 1:2 mark-to-space ratio. Emitters are 72 µm in diameter
and pitched at 200 µm as a result of the alternate bonding. Emission occurrs in a 20 nm-wide
line centered on 405 nm – again, see Chapter 3 for detailed information. Initial characterisation
revealed a few key facts about the device, which quickly invalidated its use in a laser pumping
context.
Liquid 
light guide 
Light delivery optics 
Polymer sample 
on xyz mount 
Spectrometer 
CCD (alignment) 
LED 
Figure 5.2.1: Optical stup used during initial LED array characterisation.
Measurements were performed in CW mode, recording power averaged over one-second in-
tervals to gauge the device’s output. The imaging setup used, illustrated in Fig. 5.2.1, was a
single-axis setup (Section 4.8.1) using a three-lens light delivery system (Section 4.7.2) as precise
imaging of the source was not required. For characterisation, instead of a polymer target or
blank slide, a power meter was simply positioned in the imaging system’s focal plane, where
the target would normaly have been. The highest recorded power from any individual emitter
was 17.35 nW, whereas a cluster of four emitters centered around the optical axis were found
to emit as much as 33.48 nW. Both of these figures, coupled with the emissive surface of the
device, yielded energy densities far too low for population inversion.
The same emitters were also tested using the integrated VCO situated on the CMOS board.
It was found that not only did the output powers drop by almost an order of magnitude, but
also that the repetition frequencies offered were on the order of 106 Hz. This combination of
characteristics indicated that the arrays would be better suited for use in optical communications
rather than laser pumping, for reasons described in Chapter 2 relating to pump pulse length and
frequency. The shapes of the optical pulses emitted in this manner were found to be irregular,
featuring appreciable amounts of jitter, and rise times in the microsecond range. Furthermore,
it was not possible to modulate the device externally.
Low output powers are a natural consequence of having a CMOS-controlled back end. Typ-
ically, the logic operations performed by such a chip employ standard voltages of 3.3 V or
5 V. Devices are designed from the ground up with one of those two architectures in mind,
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which affects properties from the choice of insulator structures to track spacing on the chip. All
properties must be kept consistent in order to satisfy the architecture, ultimately meaning that
driving a 3.3 V device at a higher input voltage will simply cause it to undergo critical failure
because the device is not designed to accommodate such operating parameters. In addition,
resistances around the circuit may be increased by a higher drive current, resulting in reduced
output. The chip used in this case was of the 3.3 V variety.
Vin = 3.3 V 
R 
V =  Eg e 
Vin = 3.3 V 
R 
Figure 5.2.2: Modelling of the CMOS-LED circuit as an input voltage driving a seried
resistor and a second voltage source, where the resistor represents the CMOS drive line.
By thinking of the CMOS-LED circuit as a simple 3.3 V input voltage source driving a seried
resistor and a second voltage source, as shown in Fig. 5.2.2, the bottleneck should become
apparent. Under forward bias, an LED effectively acts as a voltage source. The magnitude of
the voltage is given by the expression
V =
Eg
e
[5.2.1]
where e is the elementary charge and Eg the band gap energy of the LED, easily obtained through
knowledge of the emission wavelength and the DeBroglie relation E = hc/λ. In case of an LED
emitting at 405 nm, this voltage is equal to roughly 3 V. Referring to Fig. 5.2.2, we consider
the resistor to represent the CMOS drive line, and therefore see that the input voltage of 3.3 V
is barely enough to forward-bias the 3 V LED. The remaining 0.3 V are used to push electrons
around the circuit, resulting in the current that ultimately generates light. This current is, of
course, far too weak to generate the number of photons required to pump a laser gain medium.
5.2.1 CW excitation of T4BT-A and BBEH-PPV
Preliminary attempts were made to quantify the amount of LED light absorbed by polymer
samples. The optical system used, shown in Fig. 5.2.3, is a very minor variation on the one
shown in the previous section. Light from the sample was collected by a liquid light guide in
order to better deliver it to a spectrometer. The guide was placed directly after the target, at
one focal length away from the guide’s coupling lens.
For reference measurements, the polymer target was simply replaced by a blank glass slide of
the same specification as the ones coated with organic materials. The target was also re-imaged
onto a fixed CCD camera, to allow for the pump spot to be aligned by temporarily removing
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the light guide from the optical axis. Finally, a dichroic filter was placed between sample and
light guide in order to filter out residual light from the LEDs.
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Figure 5.2.3: Optical stup used during preliminary CW photo-excitation measurements on
BBEH-PPV and T4BT samples.
The two polymer materials that were used for these preliminary measurements were T4BT
and BBEH-PPV. Refer to Table 5.2.1 for a breakdown of the individual samples used in this
section. Measurements were first performed on two T4BT-A samples of 200 nm thickness, by
recording the spectral output of the pump LED, then measuring the PL from the samples while
eliminating the residual pump light through a dichroic filter. Because it was known in advance
that these samples would not undergo lasing under these particular experimental conditions, a
short acquisition time of 1 s was used on the spectrometer for the sake of expediency, resulting
in a slightly noisy measurement. Conveniently, the time interval would allow to directly quote
the number of photons under the emission curve as the output “per second”, without needing
to keep track of the acquisition time across measurements.
Sample Material Thickness
1 T4BT-A 250 nm
2 T4BT-A 250 nm
3 BBEH-PPV 200 nm
4 BBEH-PPV 250 nm
Table 5.2.1: Polymer samples used with Generation I LEDs. See Chapter 2 for detailed
descriptions of the organic materials.
Fig. 5.2.4 shows the fluorescence observed from these thin films of T4BT-A. Referring back
to Chapter 4, recall that one of the main issues with assembling the optical setups was that
most components are designed to operate either before or after the range of wavelengths in
which the LEDs emit. The effect of this can be seen in these two measurements, wherein it was
not possible to entirely eliminate residual pump light without filtering out some of the polymer
emission too. Note also that the tail end of the pump spectrum has some degree of overlap with
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the beginning of the PL spectrum, but not enough to significantly record false-positive emission
from the samples. The quality of the two films, which were spun under identical conditions, is
generally consistent, with minimal variation in their PL spectra.
Comparing residual light from the pump source both with a sample in place and with a
blank slide in the focal plane can lead to an estimate of the light absorbed by each sample.
Similarly, integrating the PL peak from either sample yields the number of photons emitted as a
result of excitation. Fig. 5.2.5 illustrates this point with the number of photons present under
each respective peak. More specifically, Fig. 5.2.5b shows photon counts for the residual light
coming from the LEDs in all three cases, with the filtered versions omitted, whereas Fig. 5.2.5a
shows photon counts for the two PL peaks.
Using the values from Fig. 5.2.5, the measured residual light for each sample is 40.5 % and
38.0 % of what is incident, which would suggest 59.5 % and 62.0 % absorptions, respectively.
The absorption can not be compared to the 67 % predicted later in Section 6.2, when performing
a more in-depth analysis of the the outcome of pumping polymers with the goal of obtaining a
laser, as that value is calculated using the absorption coefficient at 450 nm.
Repeating that calculation with the correct coefficient (59419 cm−1 as opposed to 55789 cm−1
– see Fig. 2.5.7) results in 69 % absorption at 405 nm, which is even further from the measured
value. Looking at the PL peaks of either sample and comparing their photon counts to those
of the incident light shows 6.1 % and 5.4 % of incident light is re-emitted, which is also not in
line with the value of ∼ 20 % predicted in the same section.
Recall that emission from polymers is isotropic, and detection was only being performed
from one face of the samples, resulting in at least half of emitted light being automatically
lost due to directionality issues. Note also that there is a certain margin of error associated
with the predicted values of absorption due to these values being calculated at the nominal
operating wavelength, rather than with the absorption coefficient varying over the width of the
emission spectrum. The approximation is nonetheless valid due to the absorption spectrum
being relatively flat in that region.
Similar measurements were repeated for the polymer BBEH-PPV using samples of 200 nm
and 250 nm thickness, labelled as Samples 3 and 4 above in Table 5.2.1. Evidence of clear PL
from this second set of samples is shown in Fig. 5.2.6. The emission is visible, but is not strong,
and certainly not near the point of lasing, due to the absence of a resonator in this particular
case. It should be pointed out again that photoluminescence is an isotropic phenomenon, so the
detector in both previous measurements was only receiving a fraction of the light emitted from
the sample, whereas the residual pump light was arriving in a tightly focussed beam pointed
at the detector, thus diminishing the intensity of the PL. The thicker sample (Sample 4) shows
weaker residual pump light arriving at the detector, while exhibiting very similar PL to the other
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Figure 5.2.4: Full pump peak from LED and fluorescence plus residual pump light from two
different T4BT thin films of 200 nm thickness, including filtered versions. The filter can’t
entirely eliminate the pump light without cutting into the PL as well.
(a) (b)
Figure 5.2.5: Photon counts from (a) residual LED light and (b) PL measured from T4BT
samples excited with CMOS-driven LEDs.
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Figure 5.2.6: Residual excitation light and photoluminescence from BBEH-PPV thin films
of 200 nm and 2500 nm thickness with PL inset.
sample, suggesting a saturation effect of sorts, perhaps where the film thickness is concerned.
5.2.2 Characterisation summary and secondary uses of CMOS-driven arrays
In light of early characterisation results, this first generation of CMOS-driven devices was aban-
doned insofar as laser applications were concerned. Their energy output was found to be too low
to satisfy the energy density pump requirements. Even with an imaging system in place, whose
function was to reduce the spot size while preserving as much energy at the focal plane, the raw
output of the devices was found to be insufficient. In addition, the driver chip’s on-board mod-
ulation options were found to be lacking, and much more suited to telecommunications-oriented
applications. It was, however, shown that polymers responded well to incident LED light, and
would probably lase under more polished experimental conditions.
The first of such conditions, as mentioned above, would be an increase in device output power.
Ignoring all other aspects of pumping, if the threshold power is not at least approximated, then
any attempt at pumping will be futile. At this stage, this was identified as the key area for
development. After reaching sufficient power, the way in which the power would be delivered
to the target could then be explored, by varying other quantities such as the pump pulse length
or frequency, the size of the pump spot, or the pump wavelength. It must be mentioned, once
again, that all polymers used were shown to lase under a specific set of conditions (see Chapter
2, Section 2.5.6) and were therefore known to be capable of laser action. It was only a question
of how much those conditions could be relaxed, by substituting the commercial laser test source
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with an LED one.
From this point onwards, the CMOS-driven LEDs were instead used more for their spatial
patterning properties, in experiments that are described in the rest of this chapter. Nonetheless,
simple down-conversion of light was shown to be entirely possible with this type of setup,
with an efficiency that could only increase by eliminating the optical system and spin-coating
polymers directly onto the emitters, as per the initial HYPIX vision. Failing direct spin coating,
interesting results could also be obtained by coupling polymer thin films on glass slides directly
to the arrays.
First-generation devices were considered for a variety of offshoot applications, in an attempt
to remain within the original aims of the project, which required taking advantage of the on-
demand and on-the-fly reconfiguration capabilities of the light sources. Applications where
similar light sources have already been shown to work successfully are found in areas such as
visible-light communications (VLC) [144], biomedical imaging [8, 145] or remote sensing [146]. In
order to actually make use of the spatial reconfiguration properties of the arrays, their viability
as light sources for sensor systems was investigated.
5.3 Beam steering concepts
Optical sensors have been in widespread use for several decades now [147], and exist in nu-
merous designs and form factors that can detect various physical quantities such as distance,
pressure, temperature, electrical current, or various properties of light such as amplitude, phase
or polarization. An entire family of these is based on solid state laser diode devices, which
exploit the properties of laser light and its interaction with matter to measure a differential in
one of the aforementioned quantities. The use of solid state laser diodes results in devices that
are generally compact and portable due to the small form factors presented by their cavities.
As technology improves, one of the constantly renewed needs in a sensing context is the
ability to detect changes on a progressively smaller scale. As an example, range finders based
on optical radar (LiDAR) technology generally analyse a wide area by deflecting a laser beam
through the use of a rotating mirror, which results in the beam being scanned across the area
of interest [148]. Moving to smaller scales, this kind of construction becomes impractical, either
because of the size of the components, or because of the reliance on moving parts that exceed
the scale of the measurement.
It was therefore envisaged that using micro-LED arrays with a grid-like distribution of emit-
ters in conjunction with a fairly rudimentary imaging system could result in high-precision
sensing for applications such as surface profiling. Fig. 5.3.1 illustrates early concept work for a
beam steering setup based on the micro-LEDs. The arrays would be used in conjunction with
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an imaging system to scan a point across a surface, without the need for moving parts.
A 
B 
C 
C’ 
B’ 
A’ 
LED plane 
Target plane 
Optics plane 
(simpli!ed) 
Position of optics 
a"ects resolution 
Point 
scanning 
Figure 5.3.1: Concept image for beam steering experiment using a micro-LED array. Se-
quential activation of the emitters would result in a beam being scanned across the target
surface, with different resolutions achieved through readjusting the optics.
In the figure, a row of emitters is activated sequentially, resulting in a spot being scanned
across the surface of a target. Making adjustments in the imaging system would result in the
spots being imaged at different magnifications and different distances from each other, effectively
altering the resolution of the measurement. Measuring the intensity of the spot could reveal
information about reflectivity, or roughness, or other similar property of the target.
Fig. 5.3.2 illustrates the kind of measurement that was conceptualised in the early stages. A
beam steering system could be used to scan a substrate containing a layer of polymer material,
forming a clear step. Analysing reflected light from the series of imaged spots could reveal
the position of the step, allowing for precise surface profiling. This kind of functionality would
benefit systems aimed at analysing micro-scale environments such as printed circuit boards or
thin film samples. Unfortunately, a relative depth measurement would not be possible with this
configuration, as that would require the incoming light to be in phase.
Substrate 
Polymer layer Step 
Scanning light 
Figure 5.3.2: Concept image for a surface profiling experiment, taking advantage of the
multiple adjacent emitters in the LED arrays to detect changes in the sample surface.
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5.4 Resolution
With this aim in mind, preliminary work was carried out to demonstrate the feasibility and
accuracy of such a setup, using the available micro-LED light sources. Recall from Chapter 3
that all triggering and modulation control for this generation of emitters is provided by the
CMOS hardware back-end, and adjusted through a custom software interface. The GUI allows
the activation of up to five pixels simultaneously at maximum output; any further emitters
cause the overall intensity to decrease, again due to accesss to limited potential. Modulation is
implemented across the entire array, meaning it’s impossible to modulate individual emitters.
The activation of adjacent emitters, whether sequential or simultaneous, requires consid-
eration of the most significant defining characteristic of any imaging/sensing setup, which is
the system’s resolution. In order to conduct the kind of point-scanning measurememnts de-
scribed above, resulting in the mapping of an area, adjacent measurements need to be made
at sufficiently small intervals in space. Even more desirable would be the possibility to have
control over the resolution, allowing the user to choose whether to conduct a broad or a fine-
grain measurement. Control over the resolution would be available through different levels of
magnification in the imaging system.
Imaging of the LED micro emitters was tested using both single and multiple lens setups
described in Chapter 4. The initial idea was to have the smallest number of moving parts in a
compact point-scanning device, which is somewhat uncommon in current devices. The complete
absence of moving parts, however, is unattainable if different resolutions are to be available, at
least without very expensive flexible lenses [149]. At the very least, the relative position of the
light source to an imaging lens must be able to change to provide different magnifications.
As shown in Section 4.7.1, a single lens can provide different degrees of magnification, at the
expense of moving principal planes. Such a system is also constraned by the thin lens conjugate
distance equation (Eqn. [4.6.3]) whereby the magnification, which is effectively the ratio of
image to object distance, is controlled singularly by the focal lenght of the lens. It is therefore
not very practical to set up integer magnifications (2×, 3×, 4×...) with such a system.
A better solution to fix the principal planes, which would allow for multiple measurements
of different targets to be taken in quick succession and without re-alignment, is to implement
the same kind of four-lens telescope setup described in Section 4.7.3, which was also used for
laser pumping. The drawback of this arrangement is inherent to its design: because the two
central lenses are the ones controlling the magnification, and because light enters and exits
these (ideally) as a collimated beam, the lenses themselves need to be replaced, and their
relative distance changed, every time a different magnification is required.
This functionality, however, is a lot easier to achieve than re-alignment of the principal planes,
as multiple lenses can be inserted into a rotating mount, and their distance could be remotely
113
350$µm$
(a) (b)
Figure 5.4.1: (a) Three-dimensional view and (b) longitudinal section of five adjacent
micro-emitters being detected at the focal plane at just over 0.4 magnification. Sequentially
activating the entire grid of micro-emitters allows the mapping of a given area on a sample’s
surface.
controlled by a servo motor. The light source and target are always at the same distance from
the collecting and focussing lens, meaning that they can move together as pairs. While not ideal,
this was the best solution available in the project’s time frame, and was therefore implemented
and tested.
Initial tests showed that it was entirely possible to adjust the resolution of the point-scanning
system through the imaging optics. An example of this is shown in Fig. 5.4.1. Activating several
adjacent emitters resulted in clearly defined “spots” with separation as small as 40 µm between
them. Note, however, that this was not centre-to-centre separation, and is therefore not a true
indicator of the system’s resolution.
To test the resolution attainable with a micro-LED array, various systems were set up to give
a range of sample magnifications. Adjacent emitters were activated and their images detected
with a CCD camera featuring square pixels of 6.35 µm size. Fig. 5.4.2 shows the results of these
tests. Longitudinal sections were taken of the emitter images, so as to investigate the distance
between them. The four magnificaions shown are 2×, 0.5×, 0.4× and 0.2×.
Recall that emitters have a 200 µm pitch at the source, and compare this value with the
measured centre-to-centre distances of the peaks: 399 µm in the first case, then 116 µm, 82 µm
and 38 µm respectively. The peaks become progressively sharper due to higher angles resulting
from stronger (de)magnification. The highest amount of demagnification that could be achieved
was M = 0.2 because of the pairs of available lenses at the time, but nothing suggests that pixel-
limited performance couldn’t be achieved with the correct optics. Fig. 5.4.2d only features six
pixels in between peaks, and the peaks themselves are only one or two pixels wide.
This kind of performance is encouraging from such a system, and can serve as the basis for
development of ad-hoc solutions for different targets. Using the previous example of printed
circuit boards, an LED array could be built using a median value of pitch and emitter size
compared to the board’s own component size and spacing, then the optical system could be
used to fine-tune the resolution as required.
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Figure 5.4.2: Optical system resolution shown using two adjacent micro-LED emitters
imaged onto a test target at various magnifications: (a) 2×, (b) 0.5×, (c) 0.4× and (d) 0.2×.
5.5 Micro-spectrometer concept with BBEH-PPV samples
After conducting preliminary tests on the attainable resolutions, a series of measurements was
set up in order to demonstrate a practical application for the point-scanning features of the
LEDs. One of the primary issues with the fabrication and implementation of organic polymer
thin films is the uniformity of the film resulting from the deposition process. This becomes even
more apparent when using DFB gratings as substrates, due to the irregularity of the base onto
which the organic material is deposited.
One of the tests that is typically carried out on a newly spun sample is a full-spectrum
absorption/transmission measurement. This is done by positioning the sample inside a com-
mercial UV-visible spectrometer, which illuminates the sample with a series of plane wavefronts
covering a continuous range of wavelenghts from 200 µm to 800 µm, usually obtained by using
a monochromator or prism in conjunction with a broad-spectrum tungsten lamp. Comparing
light before and after it has passed through the sample yields an absorbance spectrum for the
material in question.
While very reliable and informative of the overall absorption characteristics of a sample,
this particular type of characterisation suffers from one notable drawback. During the actual
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pumping of the material, only a small area of the sample is illuminated by the thin, elongated
pump spot. The spot itself is generally smaller than the surface are of the DFB grating, and
the smallest imperfection in the film around the area that is being excited can result in re-
duced absorption and therefore reduced re-emission, both of which would skew the results of a
measurement.
A commercial spectrometer is not able to discriminate absorption characteristics locally, as
it uses a single plane wavefront to illuminate the entire sample surface. Measurements of ab-
sorption performed in this fashion are therefore insensitive to imperfections and inconsistencies
in the thin film. On the other hand, as described above, the act of pumping a material is very
sensitive to these factors. For this reason, a more accurate method of testing sample quality
was developed using the LED arrays.
Imaging a grid of micro-emitters onto a specific part of a sample, using low energies and
high repetition rates (or even CW exposure) to minimise photobleaching, would allow for mea-
surements of absorbance to be made in correspondence with to a two-dimensional map of the
sample surface.
5.5.1 Setup and early testing
To this end, an imaging system was set up as shown in Fig. 5.5.1. At the focal plane, a mount
permitted the placement of a thin film sample or an empty slide. Detection of light coming off
the sample was performed on-axis, by collecting light as close as possible to the sample mount
using a liquid light guide going to a spectrometer. Comparing spectral measurements performed
with and without a thin film present, by integrating the area under the residual LED light peak,
would yield a measure of absorbance in the sample.
LED 
Liquid 
light guide 
Light delivery optics 
Polymer sample 
on xyz mount 
Spectrometer 
CCD (alignment) 
Figure 5.5.1: Optical stup for absorbance mapping experiments. The polymer sample was
replaced with a blank slide for baseline measurements.
Before proceeding with the experiment proper, a spectral measurement of each individual
emitter was taken. Integrating the emission peaks thus obtained revealed the number of photons
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detected from each emitter, resulting in an intensity profile for the entire array, shown in
Fig. 5.5.2. Individual micro-LEDs were labelled using alphanumeric coordinates 1-8 and A-H.
Emission from the device is visibly not uniform, and features a clear gradient in the number
of photons emitted from one side of the array to the other. This behaviour is an unfortunate
consequence of the fabrication process, during which all wires connecting the LED array to its
CMOS controller are bonded onto one side of the matrix only.
Figure 5.5.2: Emission uniformity from a CMOS-driven 8 × 8 LED array. The slope in
output energy is a direct result of damage to the contacts resulting from the device’s wire
bonding process.
The bonding process tends to damage some of the contacts, limiting their conductive ca-
pacities. This effect is unavoidable for wire-bonded devices, and it is arguably a better design
choice to limit damage to one side of the array in a laser pumping context, as opposed to hav-
ing slightly less damage distributed evenly across the board. For applications relying on spatial
patterning, however, in which output power is not an issue, having better uniformity is of course
more desirable. The resulting drop in photon count across the array is close to two orders of
magnitude, which makes it difficult to use this particular generation of device in some of the
contexts mentioned above. This is especially true when pulsed operation would be required,
as the on-board modulation functions inherently reduce the overall output power of the board
while they are active.
Consequently, measurements had to be designed to include some form of normalisation or
emitter independence, eliminating the drawback presented by the strong lack of uniformity. In
order to compensate for the inhomogeneity, localised filtering or amplification techniques could
be used, but doing so would needlessly complicate the experimental setup. As we shall see, it
is still possible to achieve interesting results by operating the LED array in a relatively simple
manner.
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The simple way to measure absorbance directly from a sample is to compare the transmis-
sion functions recorded with and without the sample in place, similarly to what happens in a
commercial instrument as described above. More specifically, if the transmission spectrum for a
blank slide recorded using a specific emitter with coordinates [x;y] is given by Txy, and another
transmission spectrum T ′xy is measured using the same emitter with a thin film sample in place,
then the absorbance Axy of the sample, at that emitter’s position, is given by
Axy = − log10
(
T ′xy
Txy
)
. [5.5.1]
Thus, performing these two measurements using every emitter in the 8 × 8 array yields 64
data points over a square area. The magnification of the imaging system dictactes the resolution
of the measurement. It must be noted that an important limiting factor is the mark-to-space
ratio of the emitters at the source. If the system is set up using magnification M ≥ 1, there will
be increasing gaps between neighbouring emitters that will require the sample to be repositioned
and re-measured in order to obtain an accurate absorbance map.
5.5.2 Individual emitters
At first, three emitters were selected to be representative of the entire array, to test the quality
and validity of these measurements. The three emitters, labelled A1, E5 and H8, were selected
from the centre of the array, and two opposing corners showing the strongest and weakest emis-
sion respectively. The emitters were activated in turn, and their spectral output was recorded
both with a blank slide and a BBEH-PPV thin film sample in the focal plane. Fig. 5.5.3 shows
the spectra recorded with and without a polymer sample for all three emitters. The lack of
uniformity found in the previous section is apparent here, as the first two emitters yield photon
counts in the thousands, whereas the third only has a few hundred at most. The inferior photon
count results in a significantly lower signal-to-noise ratio (SNR) on both measurements, which
are less accurate as a result. However, the main features of the two spectra are still discernible.
Using the transmission spectra in conjunction with Eqn. [5.5.1], the local absorbance was
calculated for all three emitters. Initially, only the value of intensity at the operating wavelength
(405 nm) was used. However, a more accurate measurement would result from integrating the
spectral curves to obtain a photon count.
In order to find the limits of integration within which the measurement would yield a reliable
result, and to gauge the accuracy of the measurement altogether, a commercial UV-visible
spectrometer was used to record the absorbance of the same sample. It was expected that
the result obtained using the micro-LEDs would only be valid within a narrow range, delimited
by the main emission peak of the emitters. Fig. 5.5.4 shows a comparison of the values of
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Figure 5.5.3: Transmission spectra with and without a polymer sample in place recorded
using emitters (a) A1, (b) E5 and (c) H8. Note the increased noise on the third emitter,
which is due to its lower output.
119
absorbance measured using both methods.
Because the emission from the LEDs takes the form of relatively narrow peaks, the LED-based
absorbance measurements are expected to feature significant amounts of noise outside of the
wavelengths defined by the peaks themselves. For this reason, all three plots feature a shaded
area showing the emission from each micro-LED, which represents the interval within which the
two methods can be realistically compared.
The first two plots show good agreement with results from the commercial instrument. The
absorbance curves calculated using both methods feature similar gradient and shape, at least
over the interval defined by the LED emission. The values of absorbance themselves are con-
sistently lower over the entire range, as if being subject to a shift. This discrepancy might be
explained by considering the measurement mechanism in both cases.
Recall that the commercial instrument uses a secondary reference beam to calculate its
absorbance values, whereas the LED-based method relies on measuring the same beam twice in
succession, under slightly different conditions. While the spectrometer uses a collimated beam,
the arrays and associated imaging system produce a focussed one. Upon being incident on both
the polymer sample and the empty slide, the range of angles at which light arrives from the
LEDs may result in an increased number of beams being scattered or reflected in a way that
affects the measurement.
In addition, it must be noted that the array only analyses a small area of a sample at
any given time. Because the spin casting process used in creating samples does not result in
perfectly even and uniform thin films, there is a certain variation in thickness (and therefore in
absorbance) across the sample surfaces. The commercial spectrometer illuminates the sample in
its entirety, averaging out any unevenness, while the LED array is more sensitive to local changes
in sample quality. Hence, the particular area analysed by this particular set of measurements
could have featured slightly lower absorbance than the rest of the sample, while an other area
may have had a slightly higher one, which would result in the spectrometer data showing a
higher value of absorbance overall.
The third emitter is more inconsistent, producing a curve that is not only more noisy (as
expected from its emission spectrum) but also less congruent with expected results. The gradient
and shape of the absorbance curve are still similar to spectrometer’s, but less visibly so than
for the previous two emitters. There is also a sharper and earlier decline in the absorbance
towards the end of the wavelength interval, which is a consequence of the LED emission. This
discrepancy can be attributed to the emitter itself which, as was previously discussed, would
have been damaged during fabrication, resulting in the uneven emission shown earlier in Fig.
5.5.2.
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(a)
(b)
(c)
Figure 5.5.4: Comparison of the absorbance measured for BBEH-PPV samples using a
commercial spectrometer (green lines) and a micro-LED array (red lines) for emitters (a) A1,
(b) E5 and (c) H8.
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5.5.3 Absorbance measurement examples
Having ascertained that measurements of a certain degree of reliability could be obtained
through the LED array, the absorbance mapping procedure was tested using samples intended
for laser pumping, to see whether taking advantage of the unique geometry offered by the array
would lead to otherwise unattainable results.
Spectral measurements were taken in turn for each emitter in the LED grid array, noting
the emitter coordinates. These were related to a position on the sample by observing the
simultaneous image of the four outermost corner emitters onto the sample through a CCD
camera, as shown earlier in Fig. 5.5.1. The same measurements were then taken using a blank
slide in place of the sample, featuring the same size and thickness of glass as the samples’
substrates.
Fig. 5.5.5 shows a sample absorbance map obtained using the LED array. The sample used
was a 280 nm thick BBEH-PPV film, diluted in toluene at 25 mg/ml and spun on a quartz
substrate measuring 10 × 10 × 1 mm. The imaging system was set up to give a spot size of
approximately 1×1 mm, meaning that the entire 8×8 grid was imaged in that space. Emitters
were activated in CW mode, using the detector to take 0.1 s exposures for each one. It is apparent
from the figure that this particular area of the sample featured fairly uniform absorbance (and
therefore thickness) with an average value of 0.60 and a maximum of 0.64 occurring once.
Note that all recorded values of absorbance fall within 10 % of the mean, and there is
a noticeable drop in absorbance along all of row H. Comparing this to the array uniformity
measurements shown earlier in Fig. 5.5.2 suggests that the sudden drop is due to systematic
error stemming from the LED device, rather than lack of uniformity in the sample. Moreover, the
emitter from that region of the array was also found (see Fig. 5.5.4c) to yield more inaccurate
results, reinforcing the idea that this lower measured absorbance was not necessarily a property
of the thin film.
This result by itself is already a good indicator that the micro-scale, LED-based spectrometer
is a potential application for these devices, which could be developed further. However, to really
illustrate the advantage of this system, a second BBEH-PPV sample was prepared. The thin
film was made approximately 250 nm thick, so a lower absorbance than the previous sample
was expected. Critically, the sample was deliberately scratched in a few random places along
its surface, albeit very lightly, to simulate damage that could be incurred during handling.
Following the necessary measurements, an absorbance surface map was calculated for this
new sample as well. The result is shown in Fig. 5.5.6. As expected from a thinner sample,
the highest recorded value of absorbance is 0.45, which is interesting to note as the nominal
difference in thickness between the two films is only 30 nm. The true advantage of the localised
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Figure 5.5.5: Two-dimensional absorbance map of a 1 × 1 mm area on a 280 nm-thick
BBEH-PPV film. All absorbance values are within 10 % of the mean, with a noticeable drop
in row H.
Figure 5.5.6: Two-dimensional absorbance map of a 1 × 1 mm area on another, 250 nm-
thick BBEH-PPV thin film, which was deliberately scratched. Aside from overall lower values
of absorbance recorded due to the film being thinner, the LED array correctly identifies the
damaged area of the sample, allowing for further pumping experiments to be performed in a
different region.
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measurement is apparent from the figure, in which the region around row E shows a sharp fall
in absorbance when compared to its neighbouring area.
This kind of imperfection would probably not affect a measurement carried out using a flat
wavefront, covering the entire 10×10 mm slide, being averaged out with the rest of the sample’s
absorbance. However, under pump conditions, using a sub-millimetre pump spot, the scratch
picked up by the mini-spectrometer is exactly the kind of feature which would render that
area of the sample useless, without the user necessarily being aware of it. It is this kind of
characterisation which can save several hours when working with a batch of samples.
5.6 Summary
In this chapter we have shown some alternative uses for the micro-LED arrays that were devel-
oped during the earlier stages of HYPIX, which were originally intended to pump organic gain
media, but which proved unable to do so due to hardware limitations. Because of the short
time dedicated to this part of the project, the ideas presented above could not be expanded
upon beyond their basic implementation.
The results shown in Figs. 5.5.5 and 5.5.6 are simple proof-of-concept absorbance maps
obtained under very specific conditions for a very specific system. The light sources used for
absorbance mapping are the exact same ones that could potentially be used during pumping. If
not the same sources, then other sources emitting at the same wavelength would be used. The
measurement is only informative for this reason; if developed further, this kind of system should
be designed with the potential for scanning targets intended for use at different wavelength
ranges.
In addition to wavelength selection, a stitching interface should also be developed in order
to ensure continuous mapping of an entire surface, e.g. when measuring a 10 × 10 mm target
in 1 × 1 mm intervals. Such an interface would also include some form of micro-positioning
control, to move the target to its next position while guaranteeing consistent illumination. The
process could be easily automated with the use of servo motors and appropriate code.
It was shown, in spite of the potential improvements listed, that it is entirely possible to
perform surface analysis at a sufficient resolution to discern measurement-altering imperfections
using LED arrays and a simple imaging system. The combination of these two tools already
provided a result that would not have been attainable with currently available instruments.
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Chapter 6
High-energy polymer laser pump
attempts using laser diode
driver-controlled arrays
6.1 Introduction
We now move on to describing the various attempts at photo-pumping polymer samples using
several different generations of LED devices. The results are arranged chronologically, and
are therefore classed by device generation, rather than by material. Recall that the ultimate
objective of the project was to either achieve, or show the feasibility of, all-in-one integrated
hybrid organic/inorganic devices. Such devices would be electrically or electronically driven,
but perform electro-optical conversion before exciting the polymer materials. Contrast this
with carriers being directly injected into the polymers, and the polymers performing both
electro-optical conversion and amplification of the emitted light. Note that the measurements
described in this chapter relate to lasing only. Other uses of LED emitters and organic polymers
were covered in Chapter 5.
6.2 Expected observations
The idea of spin-coating light-emitting polymers onto inorganic, InGaN-based micro-LEDs was
already presented by Heliotis et al. a few years ago [150]. In the past, individual emitters or
groups of emitters were coated with polymers emitting in different areas of the visible spectrum,
including blends of red, green and blue designed to emit white light. Following on from this
approach, the aim of these measurements was to improve on this concept by adding optical
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resonators to the system and pushing the micro-LED devices to their limits, in the hopes of
observing gain and lasing in the polymers.
Following the discussion at the end of the previous chapter regarding the energy budget
through the system, certain considerations can now be made of the polymer targets themselves.
Each material features a distinct absorption curve, and was excited using different light sources.
It is interesting to examine the interaction between source and target in terms of spectral overlap:
noting the specific values of absorption at the pump wavelengths allows for the rough prediction
of the number of photons absorbed by a given sample.
Hence, the relative positions of the absorption and emission peaks for each light source-
material pair are reported in Table 6.2.1, along with the values of absorption at the design
pump wavelenghts. All these values were measured in-house during the characterisation of
polymer samples using the Nd:YAG test setup described in Chapter 2, and characterisation of
the LED arrays used to pump the specific materials. Note, however, that the pump wavelenghts
λp and all other quantities associated with them are quoted using the arrays’ design wavelenghts,
which were not always consistent with the measured spectral output from the LEDs. Because
these considerations were made before measuring spectral output directly, design wavelengths
were used, along with associated absorption coefficients.
Material LED λα (nm) λp (nm) αp (cm
−1) Ep (µJ/cm2) ET (µJ/cm2)
BBEH-PPV II 430 450 69537 2.71 8
F8BT IV 461 450 155950 0.83 10
Y80F8:20F5 III 370 405 154580 0.18 0.3
T4BT IV 438 450 55789 1.30 10
Table 6.2.1: Spectral overlap and absorption information for various LED-polymer pairings.
Quantities reported are the material absorption peak wavelength λα, the pump source wave-
length λp, the value of the absorption coefficient at the pump wavelength αp, the maximum
energy density delivered at that wavelength Ep and the lasing threshold ET. The energy
density for BBEH-PPV is quoted directly at the source, as the material was coupled directly
to the LEDs in later measurements.
In addition to the wavelengths and absorption values, the maximum energy densities deliv-
ered to samples by various generations of LEDs are also listed. These quantities are directly
measured in the imaging system’s focal plane, and represent the energy density that is incident
onto the targets. The information in Table 6.2.1 is already sufficient to estimate the efficiency
with which photons are absorbed by polymer samples, by simply multiplying the incident energy
density by the absorbance, then scaling the result by the area of the pump spot. The lasing
thresholds of the various materials are also listed for comparison.
Taking a 200 nm-thick T4BT film as an example, a diode driver-controlled cluster LED array
with spot dimensions of 495× 195 µm and with incident energy density of 1.30 µJ/cm2, as per
Table 6.2.1, would result in 33 % of incident light being transmitted, or 67 % being absorbed.
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In terms of energy, this is a total of 0.41 nJ being transmitted, or 0.84 nJ being absorbed. Using
a nominal PLQY of 30 % for truxenes yields a photon output 20.2 % of incident light, or 0.25 nJ,
which would be barely detected by a common instrument.
With the exception of Y80F8:20F5, all gain media were excited close to local absorption
maxima. However, without even considering spectral overlap or local absorption rates, it can
already be seen that the maximum energy densities supplied by LED light sources were well
below the lasing thresholds of each material. Thresholds are given in terms of energy incident
on a sample, rather than energy absorbed by a sample, so that is the important quantity to
consider.
Lasing experiments were carried out in spite of this prior information, as the polymers
were being pumped in different regions of their absorption spectra to when lasing thresholds
were recorded. Said different regions were thought to feature slightly different energy transfer
mechanics from the ones excited by an Nd:YAG laser during initial characterisation, and the
ratios of pump energy to absorption in both cases were thought to be close enough that gain
could be observed.
6.3 Generation II LEDs: Interconnected micro-disc cluster array
After coming to the conclusion that the principal bottleneck in the pump system was the
presence of the CMOS driver (see Chapter 5) it was decided to revert to more direct control
methods, by having the new generation of devices driven directly by a high-voltage source. A
commercial laser diode driver was chosen to act as modulation component, taking DC input
voltages from a power supply and using its own circuitry to output high-amplitude current
pulses, which would drive the LEDs. An external signal generator would provide the clock
pulse to trigger emission. The benefit of such intermediary devices would be the consistency
and stability of the output signal, which would not vary with input voltage. In addition, a
sharp rise in the output signal could be expected, which would be an improvement on the more
irregular pulse shapes observed in the CMOS-driven device.
As was mentioned in Chapter 3, the chosen component was an IXYS Colorado PCO-7110
laser diode driver, which was found to output pulses of 100 ns duration – an entire order of
magnitude longer than the tried-and-tested values used during material characterisation. The
problem was addressed by introducing an inductor in parallel with the laser diode’s output
terminals, resulting in a crude high-pass LCR filter. This had the unfortunate consequence of
lowering the pulse amplitude. However, the pulse length was brought down to a more useful
25 ns. Using these emitters in conjunction with the laser diode driver and an external voltage
source already allowed a much closer approximation to the pump conditions found during laser-
based characterisation. Characterisation of the device, however, highlighted certain issues.
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Firstly, the output of the device was found to be greatly reduced after the modifications
carried out to shorten the pulse length. This was an unavoidable setback, as the choice was
between having a powerful source that could not satisfy the conditions for population inversion,
or a less powerful one that at least would cause some excitation of particles to the upper state.
The second case would at least cause some form of response from polymer samples, rather than
none at all. Recall that characterisation of the gain media had only shown population inversion
happening with short (8 ns) pump pulses, and the literature in general suggests lifetimes of the
same order for most polymers (see Chapter 2).
Figure 6.3.1: Variation of emission spectrum from Generation II interconnected cluster LED
device with driving voltage. Emission peak shifts slightly towards the blue with increasing
voltage, and gains a few nanometres in width.
Secondly, the spectral linewidth of the device was found to change with increasing driving
voltage/current. The linewidth, shown in Fig. 6.3.1, appeared to increase with driving voltage.
This type of broadening is usually explained by alloy scattering in inorganic LEDs [97] and is an
issue that can only be addressed by directly altering doping levels in the heterostructure. Being
well beyond the scope of this particular work, such alteration could not be performed in useful
time, so the increasing linewidth had to be accepted as a permanent feature. At its maximum
safe drive current, the device produced a peak of 20 nm width centered on 438 nm.
Thirdly, it also appeared that the length of the optical pulse was dependent on driving
voltage, as shown in Fig. 6.3.2. Starting out at just over 23 ns for relatively low voltages,
pulse widths were measured in excess of 28 ns at higher energies. The combination of all these
factors provided a less-than-ideal framework within which to conduct lasing experiments, but
attempts were made nonetheless to document the materials’ response to these particular pump
conditions. Preliminary testing revealed that the stripe-like emitters down the left side of the
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Figure 6.3.2: Relationship between optical pulse length and driving voltage for Generation
II interconnected cluster LED array. Full pulses shown in the main body with FWHM as a
function of driving voltage inset.
array (labelled A-D in Fig. 3.6.3 in Chapter 3) featured the highest energy densities. Their
form factor also made it easiest to obtain a pump spot of the desired dimensions, so they were
chosen exclusively for laser pumping over the other emitter clusters.
Sample Concentration Thickness
Sample 1 20 mg/ml 280 nm
Sample 2 20 mg/ml 250 nm
Sample 3 27.5 mg/ml 200 nm
Table 6.3.1: Concentration and sample thickness for three F8BT samples used in conjunc-
tion with Generation II cluster LED arrays.
The Generation II cluster LEDs were used with two sets of samples, featuring two different
green-emitting materials. The first set was a batch of F8BT films spun from different solutions
and adjusted to give varying thicknesses. The batch consisted of three samples, labelled Sample
1-3, all dissolved in toluene, whose characteristics are summarised in Table 6.3.1. Samples were
illuminated using mainly the 2×18 emitter array in the device (“A” in Fig. 3.6.3) de-magnified
down to a 660× 80 µm stripe from its original 885× 135 µm dimensions, shown in Fig. 6.3.3.
The highest energy density recorded from this array, measured at the focal plane where
samples would be located, was 0.83 µJ/cm2, which is in line with the loss expected from the
system according to discussion in the previous chapter. As was also stated in Chapter 2,
thresholds for the two materials used are in the 6−8 µJ/cm2 range. Lasing was therefore never
expected from these samples. It was, however, believed that thresholds would vary due to the
materials being pumped in a different part of their absorption spectrum, leading perhaps to
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different energy transfer processes.
Figure 6.3.3: De-magnified pump stripe obtained from Generation II interconnected emitter
array using a 2× 18 emitter cluster. Using the imaging system increased the energy density
delivered to samples, when compared to using the LED emitters to illuminate directly.
These samples did not feature any feedback structure due to high-quality DFB gratings not
being available yet at this particular stage. Clear photoluminescence was observed from all
samples, as shown in Fig. 6.3.4, but nothing more. This at least confirmed that both the
samples and light sources were not appropriate for single-pass gain setups, and that resonators
would be absolutely necessary.
Figure 6.3.4: Spectral measurements at the sample plane with three different F8BT thin
films, as well as a blank slide for comparison. Note the difference in residual pump light as a
function of sample thickness and concentration.
It is worth noting the difference in residual light from the LEDs being detected over the
three measurements, and how it relates to the sample thickness and concentration. Absorption
from the sample is fairly evident from the figure, as the residual light detected immediately
after the sample plane is seemingly affected by the presence of each sample. As expected, the
thickest sample (Sample 1, red line) shows the least residual light, indicating the highest level
of absorption.
Curiously, however, the next best absorption is exhibited by Sample 3 (green line) suggesting
that a slightly higher concentration of gain material in solution is a more important factor than
the extra 25 % in thickness that Sample 2 (blue line) has over this one. Moreover, while the
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effect is exaggerated by the logarithmic scale of the plot, one could argue that Sample 3 features
a slightly stronger emission than the other two, in that it peaks earlier, at around 540 nm, a
result which is confirmed by counting photons from the PL peak (see bwlow). This may be a
result of better energy transfer within the gain medium, due to the higher concentration, but
could as well be attributed to simple statistical difference between the three measurements or
experimental error.
(a) (b)
Figure 6.3.5: Photon counts from (a) residual LED light and (b) PL measured from F8BT
samples excited with Generation II cluster LED devices.
Absorption and re-emission from this series of samples is more accurately quantified in Fig.
6.3.5a, which shows the photon counts from the LED emission peaks both with and without
samples in place. Looking at the ratios between residual pump light coming from the samples
and the baseline measurement of the LED alone, it appears that transmitted light accounts for
2 %, 6 % and 4 % of the total for samples 1 through 3, respectively. These figures suggest an
extremely high rate of absorption from the material, which would be congruent with its high
absorption coefficient at the pump wavelength.
The same analysis performed on the PL peaks for each sample, shown in Fig. 6.3.5b, does not
provide much information other than the aforementioned minimal variation, which implies that
emission is either saturated or at a plateau, given the more significant variation in absorption.
Note that the variation in absorption is assumed, as the only measured quantity is residual
light. It is possible that the thickness and concentration differences in the samples contribute
to effects such as scattering, which would affect the residual light but not necessarily what is
absorbed by the samples.
Repeating the same calculations as the previous section, the much higher absorption coef-
ficient, taken at 438 nm in light of the spectral measurements of the source, coupled with the
sample thicknesses of 280 nm and 250 nm results in predicted absorptions of 97 % and 94 %.
These two figures correspond closely to measured values. Unfortunately, an absorption coeffi-
cient for the more concentrated sample was not measured. In terms of energy, this corresponds
to 0.43 nJ being absorbed. Taking the PLQY of F8BT as 58 % [54], this should result in 0.25 nJ,
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or 57 % of incident light, being re-emitted in the form of PL. Repeating calculations for the
other, thinner sample of the same concentration results in the same absorption and emission
percentages to that precision.
Figure 6.3.6: Overlap between the absorption spectrum of T4BT and the emission of the
Generation II “450 nm” interconnected cluster LED array. Overlap between the two is strong
in spite of a spectral shift exhibited by the LED in response to different driving voltages.
The photon counts in Fig. 6.3.5 suggest that, for the 280 nm and 250 nm samples, transmitted
light is 1.9 % and 6.0 % of its incident value, respectively. This is an interesting result, as the
very high absorption coefficient of F8BT suggests that a 30 nm variation in thickness should
not impact overall absorption as much, predicting a variation of less than one percent. The
photoluminescence, on the other hand, is dramatically weaker than expected, with measured
values for the two samples being 2.5 % of incident light in both cases – a whole order of
magnitude lower than predicted values. This discrepancy casts doubt on the validity of the
model. In particular, it suggests that a Beer-Lambert law may not be a sufficiently accurate
approximation to the absorption processes taking place in polymer thin films.
The second set of samples consisted of thin films of three different isomers of T4BT. As
shown previously, T4BT features a truxene core (Fig. 2.5.4a) with three quater-dialkylfluorene
arms extending outwards. The isomers T4BT-A, -B and -C are obtained by substituting 2,1,3-
benzothiadiazole (BT) groups at each location along the chain, with -A being the position
nearest the core as per Fig. 2.5.4b. In spite of the spectral shift exhibited by the LEDs, there
was strong overlap between their emission and T4BT’s absorption spectrum, as can be seen
from Fig. 6.3.6.
Thin films were spin-cast on the first generation of available periodic gratings, and probed
with the same 660×80 µm stripe as above. Because of the small size of the gratings (3×3 mm)
it was very difficult to discern the orientation of the grating, which would have affected the plane
in which the fan-like emission from the cavity would spread. Consequently, once measurements
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(a)
(b)
(c)
Figure 6.3.7: Pump attempts using Generation II cluster LED array on (a) T4BT-A, (b)
T4BT-B and (c) T4BT-C samples. No lasing is evident from these measurements, and even
the photoluminescence is weaker than expected.
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were performed, the samples were rotated through 90◦ in order to ensure that the correct
orientation would be captured.
Fig. 6.3.7 shows the results of said measurements, using 10 Hz pulse trains at maximum
drive voltage. In all three cases, no lasing was observed from either orientation. It appears that
in T4BT-A (Fig. 6.3.7a) there may be a slight indentation in the middle of the PL peak, which
would indicate the position of the resonator stop-gap. However, the signal is too noisy in that
region of the spectrum to make a definitive conclusion. In addition, it also appears that the
rotated T4BT-A sample yielded a slightly more intense PL peak, which can again be attributed
to noise.
The origin of the noise is attributed to low exposure times on the detector. At this earlier
stage of the project, because lasing was expected to be observed on a sample-by-sample basis,
exposure times were kept low so as to not get false positives from sudden spikes in energy due
to sources other than the cavity itself. It is also worth noting that successful appearance of a
laser line would have dwarfed the noise, rendering the measurement much cleaner.
All samples were found to transmit similar amounts of PL and residual pump light, irre-
spective of orientation. The only outlier in this respect is T4BT-B (Fig. 6.3.7b) which showed
different amounts of residual pump light in its two orientations, but similar PL in both cases.
The reduced residual light would normally indicate higher absorption, but there appears to
be no corresponding increase in emission from the polymer. In light of all the accompanying
results, it is possible that this was simple experimental error, possibly due to higher refraction
by the sample.
A common characteristic between all six measurements is the unusually low amount of pho-
toluminescence generated by each sample. The PLQY for truxene materials is typically in the
30 % range, meaning that the process is not very efficient in the absolute sense. However, if one
in three absorbed photons results in an emitted one, the PL from these three samples should be
higher than what was observed. This is probably a result of a less-than-ideal delivery system,
which will need to be improved or made redundant if LED-pumped organic polymer lasers are
to be achieved.
6.4 Generation III LEDs: Square-emitter cluster array
After encouraging results from the Generation II interconnected cluster devices, it was decided
to keep refining that particular architecture rather than start anew. The second batch of cluster
devices, representing the first iteration on this type of LED array, was shown in Fig. 3.6.5 back
in Chapter 3. The micro-emitters’ form factor was changed from circular to square. LEDs
measure 30 µm on one side with a 3 µm gap between adjacent emitters, and are arranged in
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several clusters of either 8 × 8 or 16 × 16, giving an overall emissive area of 260 × 260 µm or
525× 525 µm respectively.
Subsequent to characterisation of the devices’ L-I properties (carried out by Strathclyde’s
Institute of Photonics) showing that sufficient energy would potentially be available to incite
lasing, an LED array was fabricated to emit at 405 nm, like the original CMOS-driven device. This
choice of wavelength was dictated by the intended target, a series of thin films of Y80F8:20F5
spun on very high-quality grating structures. Recall that this material has shown the lowest
recorded lasing thresholds for a polymer gain medium, and was therefore the project’s prime
candidate for laser action.
While very promising in theory, the Generation III cluster array unfortunately showed some
additional drawbacks during characterisation. It was found that the electrical pulse from the
diode driver, and therefore the corresponding optical pulse, was different for this device than it
was for the previous generation, no doubt because the device itself constituted a different load
on the circuit, with a different resistance. As such, the LCR circuit described above would filter
a different set of frequencies.
Fig. 6.4.1 shows an average of six measurements of the optical pulse from the 405 nm array,
which featured not only a longer width, but also a longer rise time than its predecessor’s. The
pulse itself was not significantly longer than that of the previous generation (28 ns vs. 25 ns)
but it must be kept in mind that the previous pulse was already three times longer than what
was used to test for lasing in polymer samples. The issue with the pulse length could not be
addressed for two reasons.
Figure 6.4.1: Average of six optical pulse measurements for the Generation III intercon-
nected cluster LED array. The pulse is longer than the previous generation’s due to the new
device having a different resistance.
Firstly, there was not enough fine-grain control over the value of inductance in the circuit.
Inductors in the 100 nH range were only available in that particular value, and using multiples
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of 100 would result in a pulse that was either too long or too weak. Secondly, and more
importantly, even if the correct inductors were sourced, it would have been extremely difficult
to apply the necessary modifications to the diode driver without accidentally destroying the
device. It was therefore decided to keep the inductance at 100 nH and not run the risk of
rendering the entire optical system unusable.
The second, much more important issue with this new generation of emitters is highlighted
in Figs. 6.4.2 and 6.4.3. Their emission spectrum was found to greatly vary with driving
voltage, undergoing both a minor change in linewidth and a rather significant change in central
wavelength. The device, quoted as emitting at 405 nm, started out at 420 nm on the lower
settings and was found to undergo the same blue shift exhibited by previous devices, going as
far as 412 nm at maximum safe voltage.
Figure 6.4.2: Change in spectra linewidth as a function of driving voltage in the Generation
III, 405 nm interconnected cluster array.
In spite of the wavelength discrepancy being mitigated by the blue shift at higher voltages,
which would be the only voltages used during pumping anyway, the position of the emission
peak still presented one major problem. The absorption curve of Y80F8:20F5 features a sharp
decline starting at around 400 nm; pumping the material at 405 nm, the lowest wavelength
obtainable for high-power LEDs in this project, already represented quite a leap due to the
reduced absorption at that wavelength. At 412 nm, there is so little overlap between absorption
and pump emission that there was no point in preparing samples with DFB resonators to attempt
pumping. Around 20 % of the light from the pump would be within the material’s absorption
range, and in that region the value of absorption is at its lowest. Unattainable output would
have been required from the LEDs to overcome the low absorption coefficient.
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Figure 6.4.3: Absorption spectrum of the copolymer Y80F8:20F5 and emission spectrum
of the Generation III 405 nm LED array at token minimum and maximum safe operating
voltages. While the emission blue-shifts with increasing driving voltage, there is still too
little overlap between the two spectra to obtain any significant absorption.
Generation III emitters therefore didn’t yield any results, due to the minimal overlap be-
tween their emisison and the polymer absorption. Being originally intended for blue-emitting
polymers, the emitters were not repurposed to pump green-emitting materials beceause other
existing devices provided a higher output in better regions of their absorption spectra, rendering
the Generation III cluster devices redundant.
In addition, the copolymer Y80F8:20F5 also wasn’t used for any further measurements be-
cause of the position of its absorption peak. It was briefly attempted to produce LED arrays
with an emission peak between 370 nm and 390 nm, but it was quickly found that their energy
output would be over an order of magnitude below that of other devices emitting above 400 nm,
and therefore would be insufficient for any kind of pumping. While very well suited to optical
pumping with other lasers, this particular material won’t be realistically used in LED-pumped
integrated devices until improvements can be made to the pump diodes.
6.5 Generation IV LEDs: Square-emitter stripe arrays
6.5.1 Generation IVa: First stripe cluster array
As was already discussed in Chapter 4, the new geometry introduced in Generation IV emitters
attempted to facilitate certain aspects of the pumping process, but in doing so introduced
additional complications. The increase in emitter surface area became problematic vis-a`-vis the
imaging system, which had been designed to work with smaller sources. Thorough examination
of system losses revealed that, as before, the collection stage was responsible for the vast majority
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of lost light. This time, however, the collection losses were far greater (as a percentage of light
leaving the device) than for previous arrays.
Recall that the microscope objectives used are accurate over a field of 1 mm, and that
Generation IV devices are composed of blocks of 1 mm emitter stripes that can be activated
together to form wider elements (cf. Section 3.6.4). The smallest available emitter is therefore
already at the limit of the collecting lens’ capacity.
A variety of collection and transmission improvement attempts took place at this stage of
the project, with the intention of capturing as much light as possible while retaining as high
an energy density as possible in the focal plane, over as uniform a pump spot as possible. Fig.
6.5.1 shows examples of the pump spots that were obtained as a result of system redesign and
realignment, which yielded the highest energy density at a magnification of M = 0.5. Smaller
magnifications were found to offer greater loss of energy and energy density, and were therefore
deemed unacceptable.
The pump spots in Fig. 6.5.1 were shown to have higher overall energy and energy density
than anything used previously. Table 6.5.1 reports the highest measured outputs of the “best”
individual emitters in Generations II, III and IV LEDs, taken using an energy meter in combina-
tion with a beam profiler to measure pump spot dimensions. The increase in energy delivered to
the sample is notable. Recall, however, that this is in part due to Generation III LEDs emitting
at the lower end of the collecting lenses’ transmission spectrum (see Section 4.7.4).
LED emitter output: At source ( µJ/cm2) At focal plane ( µJ/cm2)
Generation II 1.64 0.83
Generation III 0.97 0.18
Generation IV 2.53 1.35
Table 6.5.1: Highest recorded energy densities for “best” individual emitters in Generation
II, III and IV LED arrays, taken both at the source and at the imaging system focal plane.
Measurements were made using an energy meter in combination with a beam profiler to
measure pump spot dimensions, or direct knowledge of the emitter size in the case of source
measurements.
System losses were also significantly larger for emitters above the smallest, 1 mm wide one,
due to rays originating too far from the optical axis to be collected efficiently. The imaging
system was kept in place in spite of these losses, because of the control that it allowed over the
spot.
Because of the higher output measured from the new generation of LED arrays, the measure-
ment setup was slightly modified to allow detection optics to rotate about the sample. This was
not done to measure at a variety of detection angles, but rather to allow light to be incident on
the rotating sample at a range of angles, and let the detector maintain its 90◦ relationship to it.
Fig. 6.5.2 shows a schematic of this arrangement. It was predicted that these emitters would
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(a)
1460	  µm
(b)
Figure 6.5.1: Sample pump spots for (a) one-millimetre and (b) three-millimetre emitters
in the Generation IVa stripe arrays at magnification M = 0.5. Each block of emitters is
comprised of 33× 12 pixels, each 30× 30 µm in size.
finally be able to achieve population inversion, and that therefore it would be worth probing
the cavities at and around the angle required for pumping.
CCD (alignment) 
Liquid 
light guide 
Light delivery optics 
Polymer sample 
on grating 
Polarizer/filter 
(optional) 
Spectrometer 
LED 
Figure 6.5.2: Experimental setup allowing light to be incident on a polymer sample at a
range of angles, and allowing constant 90◦ detection through free rotation of the detecting
optics.
Pump attempts were made on thin film samples of T4BT-A, which consists of the standard
T4BT molecule (see Fig. 2.5.4a) with BT functional groups substituted into the chains nearest
the core (hence the “A” denomination, see Fig. 2.5.4b in Chapter 2). All samples were identi-
cally spun so as to obtain a thickness of 200 nm, but differed slightly in morphology due to the
randomness of the spin-coating process.
The single 33× 12 emitter cluster was used due to it showing the highest energy density of
the entire array – a foregone conclusion due to the large size of the other emitters. This time,
an energy density as high as 1.10 µJ/cm2 was recorded at the focal plane, meaning that lasing
thresholds could potentially barely be reached in films of excellent quality.
The pump spot, shown in Fig. 6.5.1a, was a thin stripe measuring 490× 195 µm at the focal
plane (compare this to the original size at the source of 1000×360 µm) outputting 1.10 µJ/cm2
with every pulse. Similarly to all the other emitters, the sample was pumped at 10 Hz, as
discussed back in Chapter 3.
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Figure 6.5.3: Best result obtained using 1 mm-wide, 450 nm stripe emitter at M = 0.5
magnification on 200 nm thin films of T4BT-A. Note the evident stop-band caused by the
presence of the DFB cavity, indicating that light is being correctly confined in the plane of
the resonator.
Fig. 6.5.3 shows the best result from this series of measurements, obtained with the sample
oriented at 22◦ from the normal and at the highest output power available from the LED. Once
again, lasing was not achieved in the sample due primarily to insufficient pump energy, and
secondarily to inadequate temporal characteristics of the pump pulse. The figure features the
residual pump light passing through the sample, as well as PL detected at its most intense angle.
The feature that is clearly visible in the middle of the emission peak is caused by the stop-
band in the sample’s resonator. Recall from Section 2.4 that the wavelength(s) confined within
the periodic structure do not readily escape until lasing is achieved, as they are continuously
reflected back and forth in between every surface of the grating.
As such, the appearance of this feature in a spectral measurement is at least evidence that
the pump light is being correctly confined within the cavity. Unfortunately, the typcal sharp
lasing peak expected at either edge of this feature (cf. Fig. 2.4.1) was not observed at any
pump power or angle.
Similar measurements were performed on thin films of BBEH-PPV using the same gratings
as the T4BT-A samples. This particular series of measurements is shown in full in Fig. 6.5.4 for
a 250 nm film. Using a precision mount, the sample was rotated to yield incidence angles from
20.0◦ though 42.5◦ in steps of 0.5◦. A secondary rotating element allowed the detection optics
to always remain at 90◦ to the surface of the sample, which is where emission was expected
from the DFB cavity.
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Figure 6.5.4: Series of pump attempts on 250 nm-thick BBEH-PPV thin films using 1 mm
stripe emitter over a range of angles of incidence.
The figure shows the maximum-energy measurement at each angle. As before, the area
under the PL peak was calculated by integration, in order to obtain a quantifiable measure of
the energy radiating from the sample in the forward direction. It was found that the highest
and lowest intensities occurred at 30.0◦ and 35.0◦, respectively.
The disappearance of the residual pump light can be trivially explained by the relatively high
angle of the detection optics to the pump source, and is in no way related to a sudden increase in
absorption by the sample. There is also visibly no relation between the area under the residual
light and the one under the PL peak. Such a relationship could have been investigated by having
a second set of detectors on-axis, always recording the number of photons from the pump in
the direction in which they were arriving, but was deemed unnecessary.
As can be seen from Figs. 6.5.3 and 6.5.4, the system was certainly working as intended,
with light from the pump source exciting the organic material thin films. Said materials then
emitted light, some of which would be confined and amplified by the DFB resonator serving as
a substrate. However, it was never possible to irradiate the samples with sufficient energy, or
in a sufficient time interval, to incite population inversion and achieve lasing.
6.5.2 Generation IVb: Optimised stripe cluster array
In the very final stages of the project, one last generation of LED array was designed with the
intention of improving performance while not changing the form factor or driving method of
the previous model due to its promising performance. This newest family of LEDs was therefore
identical in geometry to the previous Generation IVa stripe arrays, but featured slightly better
141
I-V and L-I characteristics.
A final round of attempts at lasing was carried out using an array of this new specification
that was designed to emit at 450 nm. This time, because of expiring or mostly photo-oxidised
supplies of T4 material, polymer targets were only prepared using BBEH-PPV. Three samples
(labelled Sample 1-3) were spun on the same gratings used with the Generation IVa stripe
arrays, at thicknesses of 200 nm.
Having found similar results to the previous generation during preliminary testing, it was
decided to use these arrays by coupling them directly to samples. Because it appeared simply
not possible to collect the bulk of the emission and deliver sufficient energy density to a sample,
these devices were set up as per the initial aims of the project. The LEDs were mounted for
vertical emission, with the sample substrates resting directly on top of the emitters. A detector
was positioned further away than usually, so as not to saturate it with light originating from
the LED. The highest energy densities at the source were measured at around 3 µJ/cm2 which,
considering the much larger spot surface area, represented a considerable increase in output
from the devices.
The samples were still illuminated from behind, meaning that light would still have to traverse
the 1 mm glass substrate before reaching the grating. This was done to provide a layer of
intermediate refractive index between source and sample, resulting in a tighter grouping of rays
from the source.
The major drawback of this setup was the position of the resonator relative to the incoming
pump light. Without an imaging system, it would be impossible to direct a narrow bundle
of rays into the cavity at the angle required for in-plane confinement. It was surmised that,
because of the wide-angle emission of the LED, there would always be a series of rays entering
the resonator within the correct range of angles, and that the loss in photons resulting from the
absence of the imaging system would be counterbalanced by the unmitigated energy provided
directly at the pump source.
Fig. 6.5.5 shows measurements on three different samples of BBEH-PPV. The samples were
all 200 nm thick, and spun on the same type of grating, but were tested individually due to
potential differences in uniformity and film quality between them. This time there was no
angular series of measurements, as the samples were constantly kept flat against the source.
Once again, lasing was not observed in this set of measurements. Clear PL can be observed
from all three samples, with a notably less marked dip in the middle, suggesting a lower degree
of confinement within the resonator. An argument could be made that in the third sample,
shown in Fig. 6.5.5c, the area under the PL approaches lasing threshold at its highest value,
with the shape of the curve beginning to change, but no corresponding spectral narrowing was
observed in the emission to support that claim.
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(b)
(c)
Figure 6.5.5: Series of direct-coupling pump attempts on BBEH-PPV films: (a) Sample 1,
(b) Sample 2 and (c) Sample 3, all 200 nm thick.
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6.6 Summary
Having arrived at the end of the project, and having exhausted organic material reserves, no
further attempts were made at laser pumping. Over the course of the project, lasing was never
observed from an LED-pumped organic polymer. This result was expected based on preliminary
analysis of the optical system’s photon budget, and was at least consistent with predictions
made using that model. Four different generations of emitters of varying geometry and quality
were used in conjunction with the materials T4BT, F8BT, Y80F8:20F5 and BBEH-PPV, in
various pump configurations, including aspects such as re-imaging, direct coupling, single-pass
gain or DFB laser resonators. All combinations of these were shown to be insufficient to incite
population inversion, and therefore continuous, maintained laser action in polymer samples.
There was, however, strong evidence to support that the goal is entirely achievable with just
minor progress in LED design. The materials themselves have already been shown to be capable
of lasing when stimulated by another laser source, and their thresholds are being continuously
lowered. An increase in raw energy, or a reduction in form factor resulting in a higher energy
density, will certainly result in the achievement of the first LED-pumped OSL in the near future.
While they may not be currently capable of lasing, the LED-pumped polymers have certainly
been shown to be capable of simple down-conversion, which can lead to interesting results when
combined with the spatial patterning properties of the arrays.
It was also found that the absorption and re-emission of light from polymer samples could
not be correctly modelled by using a Beer-Lambert law to approximate the absorption process,
suggesting that more in-depth study of the radiative processes occurring inside the materials is
required to support such analysis.
In the author’s own opinion, while stripe geometry LEDs would appear to be the ideal choice
to successfully pump polymer-based samples due to results from the internal studies cited in
Chapter 3, Section 3.6.4, this approach is flawed in its design. Because of significant optical
system losses incurred from re-imaging the LED output, it is preferrable to remove the optics
altogether, and concentrate on the direct coupling of LED to polymer, as per the original HYPIX
design. Devices could then be optimised for raw output, ignoring all other considerations about
directionality and angular spread of the emission.
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Chapter 7
Conclusions
7.1 General conclusions
We have presented the results of several attempts at achieving lasing in organic conjugated
polymers using GaN-based, inorganic, high-brightness micro-LED emitter arrays. The various
challenges in constructing an optical system capable of doing so were highlighted. In addition,
several points were raised concerning the interaction and interoperability of technologies origi-
nating from different fields, such as organic chemistry, optical physics or electronic engineering.
With the move towards devices relying on the integration of several diverse technologies, it is
important to realise how each of these are linked, and how they can be manipulated to ac-
commodate each other. Hopefully, the complexity of the issues pertaining to the design and
construction of hybrid organic/inorganic devices was adequately conveyed.
Unfortunately, lasing was never observed in any of the experimental configurations reported.
The main factor responsible for the lack of laser action was considered to be the insufficient
output from the pump sources used, but power should not be identified as the only issue.
Equally (and perhaps more) important were factors like the choice of resonator: DFB gratings
proved to be inefficiently pumped by LED sources, as such resonators generally require coherent,
tightly bundled incident rays to achieve high rates of confinement and therefore optical gain.
The temporal qualities of the pump source were only an approximation of those that had
been shown to incite laser action in polymers; custom-made drive circuits could have provided
optical pulses with more ideal widths and repetition frequencies if efforts had been focussed on
their improvement. In addition, the overall geometry of the test environment could have been
improved on: instead of attempting to emulate the successful thin stripe configuration used
with laser-based pump systems, a different approach playing to the strengths and limitations
of the LEDs could have been used.
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Lasing was observed in all the materials examined, under a very specifc set of conditions
during preliminary characterisation, using particular pump sources in pulsed operation, with
specific peak energies, repetition rates, pump spot sizes and geometries, and pump wavelengths.
These identical conditions could not be fully replicated using micro-LED sources, owing to their
fundamentally different architecture. Where raw energy output was found to be sufficient, the
size of the emitters would yield too small an energy density, even when coupled with an imaging
system capable of increasing the overall energy density of the pump spot. Emitters of the correct
size would not supply enough energy. When all of those characteristics were ideal, it was found
to be impossible to harness the energy from these devices due to their significant divergence.
It was theorised that by pumping organic materials in different parts of their absorption
spectra, closer to local maxima, those specific pump conditions would be somewhat relaxed,
resulting in e.g. lower energy thresholds or longer acceptable pump pulse lengths owing to
different energy transfer processes or more efficient absorption. This, however, turned out not
to be the case.
Overall, this document and the work described within provide the following contributions to
the field of organic semiconductor optoelectronics:
(i) This work represents one of the very first reported attempts at optically pumping organic
semiconductor gain media using LED light sources, as opposed to using traditional laser
sources or even pumping by direct electronic injection. Conceptual work is presented
outlining the possibility and feasability of such a pump mechanism, showing that it is
effectively possible to achieve this result with minor refinements.
(ii) The understanding of formerly separate fields of research such as organic chemistry, optics,
semiconductor physics and electronics is connected and combined to form a knowledge base
from which to design the next generation of hybrid devices. The various advantages and
potential pitfalls in the integration of inorganic light emitters and organic polymers are
explored, providing a roadmap for further research.
(iii) It is established that the imaging of relatively powerful, but objectively weak LED emitters
onto organic polymer gain media is not a viable strategy to achieve hybrid integrated
devices. It is suggested that such devices should be designed with the direct coupling of
emitters and polymers in mind, to maximise quantities such as energy transfer, absorption
and excited state population.
(iv) Furthermore, it is also found that the micro-scale environment is not the ideal starting
point for integrated devices due to the inherent qualities of currently available inorganic
emitters, and the pump requirements of currently available polymers. It may be more
realistic to use larger LED arrays pumping larger surface areas through direct coupling in
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order to achieve integrated devices, although at a large enough scale, polymer film quality
and uniformity become a more significant limiting factor.
7.1.1 Towards integrated devices
We maintain that the imaging of micro-LED light sources onto polymer samples, while practical
from a logistical standpoint, is simply not adequate to satisfy the laser pump requirements of
the organic materials studied. If integrated hybrid devices are to be achieved, then they should
be tested as such during development, with polymer layers being spin-coated directly on top of
their inorganic pump sources, as per the original vision of the HYPIX project.
However, improvements are also required of the light sources. Recall that direct coupling
was attempted using the very latest generation of emitters, showing the highest output power as
well as the highest energy density at the source of all devices tested. These characteristics were
still found to be insufficient. The imaging systems were also originally implemented in order
to improve pump spot energy densities, and to better approximate the known pump conditions
for the organic materials. The loss of light at the entrance to the optical systems proved to be
too great to deliver the necessary energy density to samples.
From the imaging systems’ point of view, further optimisation may still be possible. However,
the main shortcoming that needs to be addressed is the immediate loss of 80 % of incoming
energy from a highly divergent source upon collection. The imaging systems themselves were
shown to feature ∼ 50 % energy loss from entrance to exit. These losses, while relatively low
for systems of this kind, are still far too great for the systems to be considered effective. It may
be possible to overcome part of the losses not only through better choice of components, but
also through alignment and configuration. Undoubtably, access to ray tracing software such
as the popular ZEMAX suite would have resulted in much better optimisation, thanks to the
possibility of modelling the various systems and predicting where losses would occur. The fact
remains, however, that the principal instance of loss takes place at the very beginning of the
optical system, and that it is there that improvement efforts should be concentrated.
In addition to the several failed attempts at lasing, proof-of-concept measurements were also
shown for a micro-scale spectrometer system, which could be used to locally profile organic
thin films. The spectrometer could be used to check for inconsistencies in film quality, thus
saving a lot of time during any future measurements. Near-pixel-limited resolution was shown
from an individual array, signifying promising potential uses for these devices in remote sensing
contexts. Other interesting studies which could have been conducted, with more foresight and
planning, include comparative investigation of the effects of sample thicknesses on the rate of
absorption, given some of the results shown earlier suggesting that polymer concentration is the
more important quantity.
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7.1.2 Future of electrically pumped OSLs
As far as the field of semiconductor light emitters is concerned, there still has not been a demon-
stration of an electrically pumped OSL. Constant improvements are being made to gain media
at the molecular level, with lasing thresholds being lowered, optical absorption capacities in-
creasing and, most importantly, carrier mobilities being optimised. The world’s first electrically
pumped OSL is not far from being achieved, and will probably be seen within the next three to
five years.
With the achievement of this result, there will probably not be a need for hybrid light-
emitting devices anymore. One of the premises upon which the HYPIX project was based
was that the optical characteristics of currently available organic polymers are far superior to
their electrical ones, and that therefore it would be more convenient to convert current to light
before injecting it into these gain media. If direct electrical injection is shown to incite lasing in
conjugated polymers, the intermediate electro-optical conversion step would simply constitute
a completely redundant additional loss layer. Moreover, there could also be no case made for
hybrid emitters where response times are concerned, as their electrically-driven back-ends would
still represent the main limiting factor. Once this milestone is reached, additional refinements
can be made to the resonators, by moving to a two-dimensional feedback structure, or even
a circularly symmetric one using Bessel-like periodicity to optimise the gain and therefore the
device efficiency.
After the original submission of this thesis, work was published by HYPIX project part-
ners that the author feels should be included in this revised version, as it certainly represents
yet another step towards the achievement of the original project goals. Groups at the Strath-
clyde Institute of Photonics and the University of St Andrews showed LED-pumped organic
semiconductor lasers using nanoimprinted distributed feedback cavities [151, 152].
The approach used was very similar to the one described throughout this document, with
minor yet significant alterations. The gratings themselves were second-order gratings, with feed-
back occurring in two dimensions within the resonator. The type of LED used was also a newer
generation compared to ones described in this document, capable of better pulse modulation
and higher output power. Pump pulses were shortened to 4 ns, which undoubtedly alleviated
the emission-quenching issues described in Chapter 2. Moreover, the additional output power
was found to be enough to overcome lasing thresholds in the organic materials, which were
previously being pushed close to lasing.
Such a result is a significant achievement for the field of organic semiconductor physics,
and will hopefully soon lead to exciting applications of this new technology. As a side note,
a thorough investigation of the LED emission profile was also carried out after the end of the
project[153], with both physical measurements and theoretical modelling of the energy profile
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found in light escaping these particular LEDs. Had this information been available earlier, a lot
of the work described herein would have been redundant.
7.2 Other research avenues
Outside the main scope of the HYPIX project, which involved the optical pumping of organic
gain media, the devices employed by the project have shown a lot of potential for parallel
applications. One such application was very briefly explored in Chapter 5, by analysing the
possible resolutions attainable with a micro-LED array in a point-scanning context.
7.2.1 Surface profiling
Thank to the unique geometries offered by these micro-arrays, previously inaccessible types
of imaging could be achieved. Other than point-scanning across a polymer surface, which was
shown as an example, more adequate emitter geomtries could be comined with cylindrical lenses
in order to form a structured illumination imaging system [154–156]. This kind of system relies
on the projection of so-called Moire´ fringes onto a surface, which allow for the discrimination
of depth at resolutions of up to 50 nm through appropriate image recombination techniques
[157]. Structured illumination is a widely-used technique in the field of biomedical imaging, and
LED-based solutions are starting to pose serious competition to more traditional laser-based
ones due to the much lower output powers that these devices have, which prevents biological
samples from being photo-bleached as rapidly.
In addition to the absorbance mapping capabilities shown in Chapter 5, the inclusion of a few
key features to the CMOS chip controlling the arrays could result in further types of measurement
being possible. For example, being able to control the length of the optical pulses emitted by
a device would allow for a comparative study of photo-degradation in polymer samples, by
analysing the material response to pulse trains with different duty cycles.
By adding differential control over the phase of emitted pulses, other holographical surface
mapping techniques may be attempted. Similar techniques are commonly used in microscopy or
with telescope imaging: optical aberrations are typically compensated for in these instruments
using adaptive optics. A reference wavefront is reflected off a pixelated reflective surface, with
each pixel being selectively reflective or not, which results in the correction of some of the
primary optical aberrations [158]. While this exact behaviour could probably not be replicated,
phase control coupled with a more uniform emission across the array could result in similar
behaviour being implemented directly at the light source, rather than having to use additional
correction later down the .
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7.2.2 Vapor sensors
As was also already mentioned in Chapter 5, one of the alternative directions in which the
HYPIX project was taken was that of remote explosive detection sensors [146]. It was shown
that micro-LED arrays can be used in conjunction with green-emitting copolymers to detect
the presence of nitroaromatic-based explosive vapours through the analysis of time-resolved
photoluminescence decay. The analysis was possible because the lowest unoccupied molecular
orbitals of these compounds have a lower energy than the highest occupied molecular orbitals of
the proprietary polymer used, Cambridge Display Technologies Green. Hence, energy transfer
can occur between the two energy states, resulting in PL from the polymer being quenched.
The sensing efficiency of this system was shown to be approximately 40 %, meaning that a
40 % change in PL average lifetime would be recorded in the presence of the relevant compounds.
Following the promising results shown using one polymer and one particular class of explosive
compounds, it would be interesting to test its potential by expanding the range of materials
that can be detected by including several micro-LED arrays, each spin-coated with a different
organic polymer, allowing the detection of substances with varying energy configurations.
Due to the highly portable nature of this device, once testing has been done to ascertain
its reliability (in terms of false negative results) and failure rates, the entire system could be
perhaps incorporated into mobile platforms such as unmanned drones, which could be deployed
in disaster response scenarios.
After the achievement of a working OSL mentioned a few paragraphs earlier, a revised version
of this apparatus was shown, this time using a laser instead of a simple LED as the illuminating
source to carry out lifetime measurements [159].
7.2.3 Freespace communications
One of the main areas of interest for micro-LED arrays remains optical communications. While
proven inadequate in a laser pumping context, the CMOS chips featured on the devices described
herein are capable of very fast modulation, making the arrays better suited to the emerging
field of visible-light communications. A very thorough report was published in 2005 detailing
the requirements, both on the optical and electronic ends, for optoelectronic line-of-sight VLC
solutions [160].
One of the principal advantage of the use of micro-LEDs in a communications context is the
exponentially higher bandwidth offered by these devices, in comparison to traditional WiFi links.
Operating in the visible range of the electromagnetic spectrum, the frequency of the emitted
waves results in much high information density, orders of magnitude above that of commonplace
wireless installations. The additional bandwidth could be used not only to transmit more
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information, but also to include more redundancies, thus reducing packet loss and resulting in
more reliable signals.
Similar devices could also be used for detection, resulting in a network of emitters and
receivers. It would then be a matter of testing the usability of such networks, given that the
primary drawback of a visible-light system is the constant requirement for clear line of sight.
HYPIX project partners at the University of Strathclyde have been investigating the potential
for these devices in a VLC context [161, 162], reporting -3 dB modulation bandwidths in excess
of 400 MHz, the higest ever reported for GaN-based emitters.
Using simple time-division multiplexing techniques, these results could potentially allow for
parallel transmission rates on the order of multiple gigabits per second. Along with this type of
multiplexing, an additional layer of complexity (or redundancy) could be added by introducing
organic polymers into the system, and using their photoluminescent properties to implement
wavelength-division multiplexing as well. Doing so would require extensive study of the response
times of these polymers, as the main limiting factor in this case would be the speed at which
the polymer photoluminescence could be cut off and turned on, for the purposes of digital data
transmission.
7.3 Outlook
As we have shown, there is a lot of untapped potential in GaN-based micro-LED arrays. The
avenues of research that they could be employed in are many. Certainly, given the current
state of this class of devices, laser excitation is not one of these. Until sufficient energy can
be extracted from them, they will never be able to supply enough enegy to a gain medium to
incite population inversion. The L-I relationships that these devices exhibit certainly suggest
that they can output the raw amount of energy required. Nevertheless, their high divergence
makes it impractical to harness correctly.
Some form of extraction or collection efficiency improvement should be the first step towards
the establishment of LED-pumped OSLs, be it via surface roughening or the addition of inter-
mediate layers of varying refractive index. In their current state, even micro-LEDs that were,
in theory, capable of achieving population inversion, were shown not to be able to do so in
practice, except in one specific instance (cited above) after the project ended.
At the same time, a more in-depth understanding of energy transfer processes within organic
polymers may help too. Polymers have been shown to lase under specific conditions, featuring
specific pump spot sizes and geometries, energy densities, or excitation pulse lengths and rates.
However, it is currently unknown which of these conditions are a major contributing factor and
which aren’t. Once there is a certainty as to what the universal lasing requirements of these
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materials are, micro-emitters can be designed to better address those requirements.
In the meantime, it is better to take advantage of the strengths these devices have shown, in
contexts other than lasing. The micro-emitters lend themselves much more to applications such
as sensing and communications, and with the increasing popularity of organic semiconductor
materials in lighting technologies, it would be very advantageous to push for the development
of hybrid visible-light communications devices based on these micro-LEDs.
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